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vAbstract
In recent years, thermoplastic composites (TPCs) have been increasingly used for
aerospace and automotive applications. But also other industrial sectors, such as the
medical technology, have discovered the benefits of this material class. Compared to
thermoset composites, TPCs can be recycled more easily, remelted, and welded. In
addition to that, TPC parts can be produced economically and efficiently. As an ex-
ample, short cycle times and high production rates of TPCs can be realised with the
injection moulding processing technology. Injection moulded parts have the advantage
that function integration is feasible with relatively little effort.
However, these parts are characterised by discontinuous fibre reinforcement. Fibres
are randomly distributed within the part and fibre orientation can show significant lo-
cal variations. Whereas the highest stiffness and strength values of the material are
achieved parallel to fibre orientation, the lowest values are present in transverse di-
rection. As a consequence, structural mechanical properties of injection moulded
discontinuous fibre reinforced parts are lower compared to their continuous fibre re-
inforced counterparts. Continuous fibre reinforced components show excellent specific
mechanical properties. However, their freedom in geometrical product design is re-
stricted.
The aim of this work is to extend the applicability of TPCs for structural mass prod-
ucts due to the realisation of a high-strength interface between discontinuous and
continuous fibre reinforced material. A hybrid structure with unique properties is pro-
duced by overmoulding a continuous unidirectional endless carbon fibre (CF) rein-
forced polyether ether ketone (PEEK) insert with discontinuous short CF reinforced
PEEK. This approach enables the manufacturing of structural mass products in short
cycle times which require both superior structural mechanical properties and sufficient
freedom in product design. However, sufficient interface strength between the discon-
tinuous and continuous component is required.
This research is based on the application case of a pedicle screw system which is
a spinal implant used for spine stabilisation and fusion. Since the 1990s, CF-PEEK
has been successfully used for spinal cages, and recently also for pedicle screws and
pedicle screw systems. Compared to metallic implants, CF-PEEK implants show sev-
eral advantages, such as the reduction of stress shielding, the prevention of artefacts
in medical imaging technologies (X-ray, computer tomography scan, or magnetic reso-
nance imaging) or the avoidance of backscattering during radiotherapy. Pedicle screws,
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which are used in the lumbar spine region, are subjected to high forces and moments.
Therefore, a hybrid composite pedicle screw was developed which is based on the
overmoulding process described before.
Different adherence tests were conducted to characterise the interface strength be-
tween short and endless CF reinforced PEEK. However, no standardised test method
existed for interface strength characterisation of overmoulded structures. Sufficient in-
terface strength could only be achieved if a cohesive interface was formed. Cohesive
interface formation due to the melting of the surface of the endless CF reinforced PEEK
insert after contact with the molten mass required an insert pre-heating temperature of
at least 260 °C prior to overmoulding. Because no standardised test method existed
for interface strength characterisation of overmoulded structures, a novel test body was
developed. This cylinder pull-out specimen did not require any relevant rework steps
after manufacturing so that the interface strength could be directly tested after over-
moulding. Pre-heating of the endless CF reinforced PEEK inserts resulted in a 73 %
increase in interface strength compared to non-pre-heated inserts.
In addition to that, a parametric finite element pedicle screw-bone model was devel-
oped. By parametric optimisation, the optimal hybrid composite pedicle screw design
in terms of pull-out resistance was found. Within the underlying design space, the
difference in screw stability between the worst and the best screw design was ap-
proximately 12 %. The resulting design recommendations had to be opposed to the
manufacturing requirements to define the final screw design. The moulds of the injec-
tion moulding machine were manufactured according to this design so that the hybrid
composite pedicle screw could be produced.
The findings of extensive material and interface characterisation were crucial for the
achievement of a cohesive interface between insert and overmould so that superior
structural mechanical properties of the hybrid composite pedicle screw could be
achieved. For example, the bending strength of hybrid composite screws was approx-
imately 48 % higher than the bending strength of discontinuous short CF reinforced
PEEK screws. Additionally, fatigue resistance was enhanced by the hybrid screw con-
figuration so that the risk of premature pedicle screw failure could be reduced. In the
breaking torque test, hybrid composite screws showed a reduction of 11 % in their
breaking torque values compared to their discontinuous fibre reinforced counterparts.
However, not only in this test but also in the quasi-static and cyclic bending test, struc-
tural integrity of the hybrid composite screws could be maintained which is important
for implant components.
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Kurzfassung
In den letzten Jahren ist die Nutzung thermoplastischer Verbundwerkstoffe (TPCs) ge-
rade in der Automobilindustrie und im Luftfahrtbereich stark gestiegen. Aber auch
in anderen Industriebereichen, wie zum Beispiel in der Medizintechnik, wurden die Po-
tentiale dieser Materialklasse erkannt. Im Vergleich zu duroplastischen Verbundwerk-
stoffen können TPCs leichter recycelt, wieder aufgeschmolzen und geschweißt wer-
den. Außerdem können TPC Bauteile ökonomisch und effizient hergestellt werden.
Als Beispiel sei an dieser Stelle die Spritzgusstechnologie genannt. TPC Spritzguss-
bauteile können in kurzen Zykluszeiten und in hohen Stückzahlen mit dieser Ferti-
gungstechnologie hergestellt werden. Außerdem besitzen Spritzgussbauteile den
Vorteil, dass Funktionsintegration mit vergleichsweise geringem Aufwand realisiert wer-
den kann.
Allerdings bringt die Spritzgusstechnologie neben diesen Potentialen auch einige
Nachteile mit sich. Zum Beispiel weisen spritzgegossene TPC Bauteile eine diskon-
tinuierliche Faserverstärkung auf. Die Fasern liegen regellos verteilt im Bauteil vor
und die Faserorientierung kann lokal starke Variationen aufzeigen. Während die hö-
chsten Steifigkeits- und Festigkeitswerte des Materials parallel zur Faserorientierung
erreicht werden, sind diese quer zur Faserorientierung am niedrigsten. In der Folge
sind die strukturmechanischen Eigenschaften dieser spritzgegossenen diskontinuier-
lich faserverstärkten Bauteile niedriger im Vergleich zu kontinuierlich faserverstärkten
Bauteilen. Letztere zeichnen sich durch exzellente spezifische mechanische Eigen-
schaften aus. Allerdings gibt es Restriktionen hinsichtlich ihrer geometrischen Pro-
duktdesignfreiheit.
Das Ziel dieser Arbeit ist die Erweiterung der Verwendungsmöglichkeiten von TPCs für
Strukturbauteile in großen Stückzahlen durch die Herstellung eines hochfesten Inter-
faces zwischen diskontinuierlicher und kontinuierlicher Faserverstärkung. Durch das
Überspritzen eines kontinuierlich unidirektional endlos kohlenstofffaserverstärkten (CF
verstärkten) Polyetheretherketon (PEEK) Einlegers mit diskontinuierlichem kurz CF
verstärktem PEEK wird eine hybride Struktur mit besonderen Eigenschaften herge-
stellt. Dieser Ansatz ermöglicht die Fertigung struktureller Massenbauteile in kurzen
Zykluszeiten, die sowohl hohe strukturmechanische Eigenschaften aufweisen als auch
ausreichende geometrische Produktdesignfreiheiten besitzen. Allerdings ist hierfür
eine ausreichende Interfacefestigkeit zwischen diskontinuierlicher und kontinuierlicher
Komponente erforderlich.
viii Kurzfassung
Diese Forschungsarbeit basiert auf dem Anwendungsfall eines Pedikelschraubensys-
tems, das als Spinalimplantat zur Stabilisierung und Fusionierung der Wirbelsäule
eingesetzt wird. Seit den 1990er Jahren wird CF-PEEK erfolgreich für Zwischen-
wirbelkäfige verwendet. Neuerdings findet es auch Anwendung für Pedikelschrauben
und Pedikelschraubensysteme. Im Vergleich zu metallischen Implantaten besitzen
Implantate aus CF-PEEK einige Vorteile, wie zum Beispiel die Reduktion der Span-
nungsabschirmung, die Verhinderung von Artefakten bei verschiedenen bildgeben-
den Verfahren der Medizintechnik (Röntgen, Computertomographie oder Magnetreso-
nanztomographie) oder die Vermeidung von Rückstreuungen bei der Strahlentherapie.
Gerade bei Pedikelschrauben, die im lumbalen Wirbelsäulenbereich eingesetzt wer-
den, treten große Kräfte und Momente auf. Daher wird in dieser Arbeit eine hybride
Pedikelschraube aus Faserkunststoffverbund entwickelt, die mit dem oben beschriebe-
nen Überspritzungsprozess hergestellt wird.
Verschiedene Anbindungsuntersuchungen wurden durchgeführt, um die Interfacefes-
tigkeit zwischen kurz und endlos CF verstärktem PEEK zu charakterisieren. Allerdings
existierte kein standardisiertes Prüfverfahren, zur Bestimmung der Interfacefestigkeit
überspritzter Strukturen. Eine ausreichende Interfacefestigkeit konnte nur durch die
Herstellung eines kohäsiven Interfaces erreicht werden. Damit sich ein kohäsives In-
terface ausbilden konnte, musste ein oberflächennahes Aufschmelzen des endlos CF
verstärkten PEEK Einlegers nach dem Kontakt mit der Schmelze erfolgen. Hierfür war
eine Einlegervorheiztemperatur von mindestens 260 °C vor dem Überspritzungsvor-
gang erforderlich. Da kein standardisiertes Prüfverfahren für die Charakterisierung der
Interfacefestigkeit von überspritzten Strukturen existierte, wurde ein neuartiger Prüfkör-
per entwickelt. Keinerlei nennenswerte Nachbearbeitungsschritte waren nach der Her-
stellung dieses Zylinderauszugsprobekörpers erforderlich, sodass die Interfacefestig-
keit direkt nach dem Überspritzen geprüft werden konnte. Durch das Vorheizen des
endlos CF verstärkten PEEK Einlegers wurde eine Steigerung der Interfacefestigkeit
von 73 % gegenüber nicht vorgeheizten Einlegern erreicht.
Darüber hinaus wurde ein parametrisches Pedikelschrauben-Knochen Modell basie-
rend auf der Methode der finiten Elemente entwickelt. Durch eine parametrische Op-
timierung konnte das optimale Design der hybriden Pedikelschraube aus Faserkunst-
stoffverbund gefunden werden. Die Unterschiede in der Schraubenstabilität zwischen
dem schlechtesten und dem besten Schraubendesign unter Beachtung des zugrunde
liegenden Designraumes lagen bei etwa 12 %. Die resultierenden Designempfehlun-
gen mussten den Anforderungen aus dem Herstellprozess gegenübergestellt werden,
um das endgültige Schraubendesign definieren zu können. Entsprechend diesem
Design wurden die Werkzeuge der Spritzgussmaschine gefertigt, sodass die hybride
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Faserkunststoffverbundschraube produziert werden konnte.
Die Erkenntnisse umfassender Material- und Interfacecharakterisierung waren von gro-
ßer Bedeutung für die Erzeugung eines kohäsiven Interfaces zwischen Einleger und
überspritztem Material, welches die Voraussetzung für ausgezeichnete Eigenschaften
der hybriden Faserkunststoffverbundschraube war. Beispielsweise war die Biegefes-
tigkeit der hybriden Pedikelschrauben aus Faserkunststoffverbund etwa 48 % höher
als die der diskontinuierlich kurzfaserverstärkten PEEK Schrauben. Des Weiteren
konnte die Dauerfestigkeit der Schraube durch die hybride Schraubenkonfiguration
verbessert werden, sodass das Risiko eines vorzeitigen Schraubenversagens reduziert
wurde. Bei der Bruchmomentprüfung haben die hybriden Faserkunststoffverbund-
schrauben im Vergleich zu den diskontinuierlich faserverstärkten PEEK Schrauben ein
um 11 % verringertes Bruchmoment aufgezeigt. Die Strukturintegrität der hybriden
Faserkunststoffverbundschrauben war allerdings sowohl nach dieser als auch nach
der quasi-statischen und zyklischen Biegeprüfung weiterhin gegeben, was für Implan-
tatkomponenten von großer Bedeutung ist.
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Greek symbols
αT K−1 Coefficient of thermal expansion
γlv kg · s−2 Surface energy of liquid in atmosphere
γsl kg · s−2 Interface energy between solid and liquid
γsv kg · s−2 Surface energy of solid in atmosphere
tan δ Bending loss factor
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εALLIE kg ·m2 · s−2 Internal or total strain energy
εALLSD kg ·m2 · s−2 Static dissipation or viscous damping energy
Θ ° Contact angle
κdist ° Distal half angle
κprox ° Proximal half angle
ν Poisson’s ratio
ξ ° Cumulated conical shaft angle
ρ kg ·m−3 Mass density
ρIL kg ·m−3 Mass density of immersion liquid
σ kg ·m−1 ·s−2 Stress
σMises kg ·m−1 ·s−2 Von Mises stress
ϕ Fibre mass fraction
ϕV Fibre volume fraction
Φ kg ·m2 · s−3 Heat flow rate
χm Relative mass change
χmth Theoretical possible relative mass change
xii Nomenclature
χT Relative temperature loss
ψlow ° Conical angle of lower pedicle screw shaft
ψup ° Conical angle of upper pedicle screw shaft
Latin symbols
d m Thickness
D m Diameter
Dcore m Diameter of pedicle screw core
Di m Inner pedicle screw or shaft diameter
Do m Outer pedicle screw diameter
E kg ·m−1 ·s−2 Young’s modulus
E ′ kg ·m−1 ·s−2 Bending storage modulus
Espong kg ·m−1 ·s−2 Young’s modulus of spongious bone
F kg ·m · s−2 Force
FR kg ·m · s−2 Reaction force
F 3D90R kg ·m · s−2 Reaction force of three-dimensional quarter model
G kg ·m−1 ·s−2 Shear modulus
hS m
2 · s−2 Specific enthalpy of fusion
hcrystS m
2 · s−2 Specific enthalpy of fusion of fully crystalline polyether
ether ketone
HS kg ·m2 · s−2 Enthalpy of fusion
l m Length
lbone m Length of bone block
lcortical m Length of cortical bone
lflank m Length of thread flank
llowflank m Length of lower thread flank
Nomenclature xiii
lupflank m Length of upper thread flank
lscrew m Length of pedicle screw
Lu m Displacement load
m kg Mass
m900 kg Mass at 900 °C
mdipped kg Mass dipped in liquid
mdry kg Mass after drying
M kg ·m2 · s−2 Bending moment
Min kg ·m2 · s−2 Insertion torque
Mout kg ·m2 · s−2 Removal torque
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“Any applications where weight, cost, efficiency or performance are critical engineer-
ing requirements are a good fit for polyketone composite”, is a quotation of Tim Herr,
aerospace director at Victrex plc [1, p. 238]. This statement highlights some benefits
which can be achieved by using polyketone (PK) composites. Polyether ether ketone
(PEEK) is one member of this thermoplastic material family. Not only for aerospace
but also for other industries, such as the medical technology, PEEK and PEEK com-
posites are materials with outstanding properties. Carbon fibre (CF) reinforced PEEK
and other thermoplastic composites (TPCs) are used in various fields of application, for
example due to their high specific structural mechanical properties, and their process-
ability in short cycle times and high numbers. Advantageously, TPCs can be remelted,
welded, and recycled with reasonable efforts. [1–4]
Since the 1990s, CF-PEEK has been used for implant applications [5]. Due to distinct
advantages compared to neat polymers or metals, the number of CF-PEEK implant
applications are rising. One of the main advantages of composite implants refers to
radiotherapy. In contrast to metallic implants, CF-PEEK does neither attenuate X-rays
nor hinder precise dose calculation. Due to the presence of metallic implants close
to the region to be treated, backscattering of X-rays can occur so that healthy tissue
can be affected. In contrast, backscattering will not be a problem if CF-PEEK implants
are present. Thus, radiotherapy is efficient and controllable, and healthy tissue is not
disadvantageously affected by the presence of CF-PEEK implants. [6–9]
In addition to that, CF-PEEK is radiolucent [10–13]. As a consequence, medical imag-
ing technologies do not show severe artefacts which can disturb precise system in-
stallation during surgery or patient follow-up [6, 14–16]. One additional advantage of
CF-PEEK implants mentioned in this chapter refers to the stiffness mismatch between
metallic implant materials and bone. Because of the higher stiffness of metallic implant
materials, stresses are absorbed by the implant so that bone is unloaded. However,
bone will only preserve its strength if stresses above a certain threshold are acting on it.
Thus, bone resorption can occur due to the presence of stiff metallic implants [15, 17].
In contrast, stiffness can be tailored with composite implants, so that for example bone
strength can be maintained [11, 18–21].
A common problem of elderly people is back pain. However, also younger people can
often have back problems. Banghard et al. highlight that “up to 80% of the population
suffer dorsal pain at some time during life” [22, p. 569]. Approximately half a million
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spinal fusions were performed only in the United States in 20141 [5]. This means
around 1370 spinal fusions a day. Certainly, global numbers concerning spinal fusions
are much higher and are still rising as a result of population ageing [5, 23]. Additionally,
elderly people want to remain more and more physically active which leads to a higher
acceptance of surgeries. These facts highlight that there is a huge market for implants
and that research in this field is crucial.
Excellent implants are required for successful treatment of patients. Thus, this work
focuses on an advantageous material combination used for a hybrid composite pedicle
screw to improve its functions, extend its range of application, and improve quality of
life. A pedicle screw is one component of a pedicle screw system. Such a system
will be implanted into the patient’s back to recover spine stability [24] if non-surgical
therapies fail [12, 22, 25, 26]. According to White and Panjabi, spine stability can be
described as “the ability of the spine under physiologic loads to limit patterns of dis-
placement so that the spinal cord and nerve roots are not damaged or irritated and,
in addition, to prevent incapacitating deformity or pain caused by structural changes”
[23, p. 28]. Nowadays, titanium is the standard material for pedicle screw systems.
However, several disadvantages are linked to metallic implants, as mentioned before.
These disadvantages have led to the development of CF-PEEK pedicle screws (Icotec
AG, cf. figure 1.1 on the left) and CF-PEEK pedicle screw systems (CarboFix Orthope-
dics Ltd., cf. figure 1.1 on the right).
titanium
CF-PEEK
10 mm
titanium coating
titanium shell
10 mm
Figure 1.1.: Pedicle screw systems from Icotec AG (left) [27] and CarboFix Orthopedics
Ltd. (right) [28] and their materials
A pedicle screw system used for the stabilisation of the lumbar spine region is sub-
jected to high forces and moments. A fibre reinforcement of the PEEK matrix is re-
quired to withstand these loads especially under the consideration of long-term ap-
plications. Most composite implants show a discontinuous fibre reinforcement which
1data from the Nationwide Inpatient Sample (NIS)
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enables a production with low cycle times and high freedom in product design. How-
ever, discontinuous fibre reinforcement is also linked to some disadvantages, such as
a difficult quality assurance due to random fibre distribution. In addition to that, struc-
tural mechanical properties are limited due to variations in local short fibre orientation
which can also induce some restrictions for the product design. Along the fibre orien-
tation, the material shows high structural mechanical properties, whereas the material
properties decrease in the direction perpendicular to the fibre orientation. Parts with
discontinuous fibre orientation can be manufactured by injection moulding. With this
manufacturing process, a high freedom in product design and a high degree of function
integration can be achieved. In addition to that, the injection moulding manufacturing
technique is characterised by an economical part production with short cycle times
[29, 30].
The limitations of discontinuous fibre reinforcement can be overcome by material com-
binations. By using the right material at the best place, the structural mechanical prop-
erties of a product can be significantly enhanced while its material costs remain con-
stant or can even be reduced. Furthermore, the freedom in product design can be
efficiently increased with material combinations. Hybrid structural parts with superior
material properties can be produced by overmoulding endless fibre reinforced inserts
with discontinuous fibre reinforced material. This technique combines the advantages
of the high freedom in design of injection moulded products with the excellent struc-
tural mechanical properties of endless fibre reinforced composites. However, sufficient
interface strength between the two components has to be ensured to benefit from the
superior properties.
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Selective information about metallic, polymeric and composite implant materials is
given in the beginning of this chapter. A focus is laid on PEEK and CF-PEEK because
the material combination for the composite pedicle screw system (CPSS), studied in
this work, is based on CF-PEEK composites. The need for implanting a pedicle screw
system, its functions and typical materials used for this system are introduced in the
following as well. Ceramic implants are not considered within this work. Selective in-
formation about the interface formation between materials is given at the end of this
chapter. The overmoulding technology is focused in that section because the material
combination of the hybrid composite pedicle screw is realised with this technique.
2.1 Materials for medical applications
Materials used for medical applications have to fulfil particular requirements. For exam-
ple, these materials have to be biocompatible and should have sufficient cell adhesion
capability to promote the building of functional connections between implant and bone
(osseointegration).
According to Williams, “biocompatibility refers to the ability of a biomaterial to perform
its desired function with respect to a medical therapy, without eliciting any undesirable
local or systemic effects in the recipient or beneficiary of that therapy, but generating
the most appropriate beneficial cellular or tissue response in that specific situation,
and optimising the clinically relevant performance of that therapy” [31, p. 2951]. This
means that a biomaterial, which is foreign to the host, is in contact with the human body
without causing unacceptable harm [31]. A biocompatible material is non-toxic, non-
immunogenic, non-thrombogenic, non-carcinogenic, non-mutagenic, and non-irritant
[5, 31].
Besides biocompatibility, sufficient long-term stability of the implant is required [31].
Long-term stability can be achieved by osseointegration [23, 32] which is dependent
on the implant surface properties [23]. Few months after surgery, bridging trabecula-
tions begin to form from bone to implant [33]. Relative movements between bone and
implant can lead to implant loosening [34] but can be effectively restricted by osseoin-
tegration [5]. In addition to the dependency on implant surface properties, osseointe-
gration is dependent on cell adhesion capability [10, 34–40].
Materials for long-term implant applications are required to have sufficient structural
mechanical properties to resist biomechanical loads [19, 31, 41]. In addition to that,
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material deteriorations, such as corrosion, degradation, water uptake, or wear, have to
be minimal and within the acceptable limits [31, 42].
2.1.1 Metals
Advantageously, the strength of metallic implants is high [11] so that the risk of implant
failure or implant component failure is low. Compared to polymeric implants, metallic
implants composed of stainless steel or titanium typically show a higher cell prolifera-
tion [39].
However, the application of metallic implants can lead to allergic tissue reactions [14].
Additionally, the high mass density of titanium or stainless steel contributes to a high
implant weight which can lead to patients’ discomfort [14]. Due to the radiopacity of
metals, artefacts in medical imaging technologies, such as X-ray, computer tomography
(CT) scan or magnetic resonance imaging (MRI), arise [6, 7, 11, 15, 22, 23, 25]. These
artefacts prevent precise assessment during surgery, for example during the usage of
computer-assisted navigation with fluoroscopic guidance [5], and during post-operative
patient follow-up [6, 7, 43]. In addition to that, problematic scattering effects of ionising
radiation in the presence of metallic implants are typically observed during radiotherapy
[6–8]. As a consequence, radiation can hit neighbouring healthy tissue so that less
radiation dose reaches the tumour [8]. Metallic implants still increase the degree of
uncertainty during radiotherapy because they affect the precision of delivered particles
and of dose calculation although modern treatment planning systems and new artefact
reduction methods are available nowadays [8, 9].
Another disadvantage of metallic implants is the difference in physical and mechanical
properties compared to bone. The stiffness of metallic implants is much higher com-
pared to the stiffness of human bone. As a consequence, the stresses are absorbed
by the implant, bone is unloaded, and bone resorption can occur [15, 17]. Accord-
ing to Wolff’s law of 1892, “every change in the form and function of bone or of their
function alone is followed by certain definite changes in their internal architecture, and
equally definite alteration in their external conformation [...]” [44, p. 175], which means
that bone will only maintain its structure if mechanical stimuli above a certain threshold
are acting on it [23, 34, 44–46]. Bone resorption due to the presence of implants can
lead to the loss of implant stability and to failure which results in pain for patients and
the need for reoperation [11, 22, 34, 47]. This phenomenon, called stress shielding
[11, 15, 22, 45], has to be avoided by biomedical engineering [46].
Stainless steel is still used for implants. However, its stiffness is higher than that of
titanium which can lead to even more severe stress shielding effects. In addition to
that, medical imaging is complicated, and the risk of infections and allergic reactions is
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high [23]. Compared to titanium, the corrosion resistance of stainless steel is inferior
[23]. These are some reasons why stainless steel has been widely replaced by other
materials, such as titanium [23], for implant applications.
Titanium is one of the standard and most important material for implants nowadays
[41]. It has been in medical use since the 1950s [41]. Among different titanium alloys,
the biocompatible alloy Ti6Al4V is mainly used for implant applications [41, 48, 49]. Ti-
tanium implants show superior osseointegration behaviour [23]. Their strength, fatigue
limit, and corrosion resistance are excellent [13, 41, 48, 49]. There are various applica-
tions of titanium implants, such as bridging rods for pedicle screw systems [13], locking
plates, or intramedullary nails [15]. However, the disadvantages of metallic implants
mentioned before can also be applied to titanium implants.
2.1.2 Polymers
For more than 50 years, polymers have been used for medical applications [19, 41].
In the early years of application, polymers were only used for sterilised medical dis-
posables, such as syringes or cannulae [19, 41]. Today, polymers are used for various
applications and also for short- and long-term implants [19]. The widespread of poly-
meric medical products is based on easy availability, processing with low-cost, high
freedom in design, and a broad property range [41].
Without claim of completeness, different polymeric materials like polyether ether ke-
tone (PEEK), polysulfone (PSU), polybutylene terephthalate (PBT), polyamide (PA),
and polystyrene (PS) were studied for potential implant applications [5, 15]. However,
only PEEK showed the requisite combination of structural mechanical properties, bio-
compatibility, manufacturability, and consistent availability [5]. Table 2.1 summarises
different applications for a selection of polymers.
2.1.2.1 Polyether ether ketone
Semi-crystalline thermoplastic PEEK was first introduced by Imperial Chemical Indus-
tries plc in 1978 [41, 51, 52] and has been used as a biomaterial since the 1990s
[11, 14, 15]. PEEK-OPTIMATM for long-term implant applications was introduced by
Victrex plc in 1998 [5]. The chemical repeat unit of PEEK can be seen in figure 2.1.
OO C
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Figure 2.1.: Chemical repeat unit of PEEK according to [35, 51, 53–58]
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Table 2.1.: Medical polymeric applications according to [41, 50]
Polymer Application
Polyamide (PA) Ankle foot orthoses based on additive manufacturing
Polycarbonate (PC) Components for kidney dialysis, syringes, packagings, tubes
Polyethylene (PE) Joint sockets for hip endoprosthesis, knee prosthesis, sy-
ringes, packagings
Polyether ether ketone (PEEK) Spinal cages, pedicle screws, pedicle screw systems, scaf-
folds, abutments, prosthetic frameworks
Polyethylene terephthalate (PET) Artificial blood vessels, ligament replacements
Polymethyl methacrylate (PMMA) Bone cement, artificial teeth, tooth fillings
Polypropylene (PP) Components for kidney dialysis, heart valves, packagings
Polyurethane (PUR) Artificial blood vessels, skin implants, heart valves, mem-
branes for kidney machines
Polyvinyl chloride (PVC) Blood bags, bags for intravenous solutions, disposables
The aromatic rings of the PEEK polymer contribute to excellent thermal properties,
such as a glass transition temperature of 143 °C or a melting temperature of 343 °C.
PEEK is typically processed at temperatures of about 380 °C. At temperatures above
400 °C, the sensitivity of PEEK to oxygen rapidly increases and its thermal stability is
limited. [10, 15, 36, 51, 54, 56, 59–64]
Compared to other polymers, PEEK is characterised by superior structural mechanical
properties [19, 36, 56, 59, 60, 64] and fatigue resistance [22, 52, 65]. PEEK still shows
high stiffness and strength values at temperatures well above the glass transition tem-
perature [15, 65]. Its Young’s modulus is approximately 4 GPa, its tensile strength
98 MPa [66], and its tendency to creep is low [65]. Due to a stiffness in the range
of human bone, stress shielding is alleviated [46]. This is one significant advantage
over metallic implants. Compared to commonly used metals for implant applications,
PEEK has a lower density of approximately 1.3 g/cm3 so that the implant weight can
be significantly reduced which can contribute to patients’ comfort [14, 67]. However,
PEEK implant components can be more expensive than titanium components [13], and
strength can be insufficient for implants subjected to high biomechanical loads.
PEEK shows a high chemical and radiation resistance [15, 36, 52, 56, 59, 63–65, 68],
and low water uptake [14, 60, 65, 69]. The chemical stability of PEEK contributes to
its poor adhesion to soft tissue or bone [10], as described more in detail below, and
enables the application of common sterilisation methods which are based on heat,
8 2. State of the art
low-temperature gas, ionising radiation, or liquid disinfection [5, 14, 36, 41]. Material
ageing in vitro and in vivo is insignificant [17] as well as the chemical damage by water
exposure [15]. There are neither toxic effects [40, 70] nor significant allergic reactions
linked with PEEK implants [14].
Another advantage of PEEK implants over metallic ones refers to their radiolucency
[10–13]. As a consequence, severe artefacts in medical imaging technologies will
be prevented if PEEK implants are used [6, 14–16]. By this improvement of medi-
cal imaging quality, patient assessment becomes more secure [6, 19, 71]. To locate
metal-free implant components during surgery or follow-up, integrated radio-opaque
markers composed of titanium, tantalum, or barium sulphate (BaSO4) are commonly
used [5, 14, 19, 71–73]. In the event of implant failure, these markers also enable
the location and removal of all system components [73]. The problem of backscatter-
ing in the presence of metallic implants during radiotherapy can be avoided by using
PEEK implants [6, 8, 9, 73]. Therefore, accurate planning of radiotherapy is possible
and the efficiency of radiotherapy is improved [8, 9]. With small titanium markers or
thin coatings used for improving implant visibility, no significant artefacts arose and no
significant effect on radiotherapy was observed [9].
PEEK can be processed without additives [36, 38] which is important for implant ma-
terials. Several processing techniques for polymers, such as injection moulding, com-
pression moulding, extrusion, or laser sintering can be used to process PEEK [5, 12,
14, 15, 52, 74]. However, additional requirements, such as a high temperature equip-
ment for the processing machine, have to be considered due to the high melting point
of PEEK [75]. Dependent on the processing technique, amorphous or semi-crystalline
material characteristics, which influence the material properties, are obtained [5, 76–
78]. The lower the cooling rate, the higher the degree of crystallinity [55, 56, 76, 78].
The bioactivity and bone bonding properties of PEEK are poor because PEEK is an
inert material [14, 15, 40, 79, 80] with low surface energy [5]. However, bone bonding
properties can be enhanced either with surface modification techniques, such as ion
bombardments [81], or with coatings composed of calcium phosphate (hydroxyapatite)
[5, 11, 14, 15, 23, 31, 32, 38, 79] or titanium [5, 7, 15, 22, 41]. Bone ingrowth can
be promoted by the creation of a porous surface texture [15, 32]. Concerning coating
thickness, significant variations exist in the literature. Banghard et al. inform about a
titanium coating thickness of 0.24 µm [22]. Others report 0.03 µm to 0.12 µm coating
thickness [9, 32, 41], Kurtz recommends a maximum peak height from 65 µm to 400 µm
[5], and Nevelsky et al. of less than 100 µm [9]. Nevertheless, these studies show that
coating thickness is in the nanometre to micrometre range. A titanium coating can also
be used to improve the adhesion between a calcium phosphate coating and a PEEK
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substrate [82].
Biocompatible PEEK for implants is mainly manufactured by Invibio Ltd., Solvay GmbH,
and Evonik Industries AG [5]. Invibio offers radio-opaque PEEK1 to improve implant
visibility. In March 2019, Evonik introduced radio-opaque PEEK into their product port-
folio as well2. In addition to that, an implantable polyether ketone ketone (PEKK) grade
is available from Oxford Performance Materials, Inc.3
PEEK as an implant material is mainly used for orthopaedic and traumatologic implant
applications [15, 83]. Typically, PEEK is used for spinal (e. g. spinal cages) [5, 12, 15],
cranial (e. g. scaffolds) [15, 84], and dental implants (e. g. implant fixtures, healing caps,
abutments, and prosthetic frameworks) [5, 14]. One example for a cervical total disc
replacement device is the NuNec system from RTI Surgical Holdings, Inc. (former Pi-
oneer Surgical Technology, Inc.) [72], which however is no longer available on the
market. From the same company, the PEEK nucleus replacement device NUBAC was
developed with similar low wear rates compared to common systems [85]. PEEK was
also used for arthroscopic anchors [5] and the isoelastic Epoch II hip stem from Zim-
mer, Inc., with an original development dating back to the mid-1980s [5].
2.1.3 Composites
Polymeric implants subjected to high loads need fibre reinforcements to have sufficient
stiffness and strength properties [19]. The stiffness of composite implants can be tai-
lored, e. g. by variations in the fibre volume fraction, fibre orientation, fibre lengths,
materials, or design to optimise stress distribution in bone [47]. In contrast, the stiff-
ness of metallic implants can only be changed by modifying the implant design [86].
The optimisation of implant stiffness can reduce the effect of stress shielding and can
enhance screw stability [11, 18–21]. If the implant stiffness is too low, stress shielding
will be eliminated but micromotions between bone and implant will increase. This will
prevent successful osseointegration and will cause pain [47]. Compared to metallic
implants, a higher freedom in design can be achieved by composite ones [14].
Continuous unidirectional endless CF reinforced carbon (uCF-C) composite screws for
osseosyntheses were studied by Błaz˙ewicz et al. [87] They found that uCF-C screws
obtained from machining uCF-C semi-finished products were superior to screws with
a uCF-C core and wound endless CFs forming the thread [87]. Concerning the latter,
shear failure between thread and core was observed leading to a 50 % less holding
force compared to steel screws [87].
1https://invibio.com/materials/peek-optima-image-contrast; accessed 21 November 2019
2https://medical.vestakeep.com/product/medical/de/medien/pressemitteilungen/pages/article.aspx?
articleId=109404; March 12th, 2019; accessed 23 October 2019; press release
3http://oxfordpm.com/cmf-orthopedics; accessed 29 October 2019
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Thermoset composite implants, such as an CF reinforced epoxy (CF-EP, trade name
Caproman® from MAN-Ceramics Corp.) hip endoprosthesis [5, 19], were examined in
clinical studies as well. However, compatibility problems [17] and contouring difficulties
arose [5, 15, 42]. Thermoset composites have the disadvantage that they cannot easily
be contoured to the shape of bone in contrast to metallic or thermoplastic materials [5].
In addition to that, toxic additives can remain on the implant surface [41].
Schulte et al. studied a vertebral body replacement device composed of a bioglass-
PUR composite with an integrated CF-PEEK plate [6]. It improved prognosis and
showed similar in-vivo test results compared to the titanium counterpart [6]. However,
the variability in clinical outcome was higher [6].
Besides the usage of CFs for the reinforcement of polymeric matrices, glass fibre rein-
forced polymers (GFRP) are used for different medical applications as well. GFRP can
be used for example in dentistry [32] or in combination with bioactive glass for cranial
implants [88].
2.1.3.1 Carbon fibre reinforced polyether ether ketone
For implant applications subjected to high loads, neat PEEK implants increase the risk
of pseudoarthrosis due to insufficient stiffness [13]. The addition of CFs improves the
structural mechanical properties of PEEK [5, 22, 61, 74]. Simultaneously, its ductility
[74] and tendency to creep [89] are reduced. In contrast to titanium, the stiffness of
CF-PEEK can be tailored so that it is closer to the stiffness of human bone and stress
shielding is alleviated [90].
CF influence the crystallisation process [61] because they act as nucleating agents
[91]. As a consequence, the crystallisation starts at higher temperatures and the de-
gree of crystallinity is typically higher for composites than for neat polymers [57]. In
contrast, no significant difference in the glass transition and melting temperature is
found for CF-PEEK compared to neat PEEK [42, 57]. The same as PEEK, CF-PEEK
is radiolucent [7, 20, 21, 73], sterilisation resistant [47], biocompatible [5, 11], bioinert
[5, 20], chemically inert [42], does neither attenuate radiotherapy nor lead to the distur-
bance of healthy tissue [8, 9, 19, 21], and shows radiation stability [42]. The material
cost is high [20] but it can be processed by common processing technologies used
for plastic materials, such as extrusion or injection moulding [74]. By using CF-PEEK
as an implant material, a similar foreign body response to metallic implants was found
besides no signs of infection or adverse tissue reactions [20, 88, 92]. Only uncritical
tissue irritations were reported due to composite wear particles [19].
CF-PEEK as an implant material was introduced with the Brantigan I/F lumbar fusion
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cage4 in the 1990s [5]. Besides spinal cages [20, 73], CF-PEEK is used nowadays for
heart valves [31], hip joint endoprosthesis [93], orthopaedic trauma (fracture fixation
plates [20, 41, 92, 94] or intramedullar nails [20]), dentistry [20], and cranioplasty [5,
20]. Due to suitable tribological properties, CF-PEEK is used as a bearing material
for joint arthroplasty [15], such as in knee replacements [67, 95]. Another medical
application of CF-PEEK refers to surgical instruments [19].
Implantable discontinuous short CF reinforced PEEK (sCF-PEEK) and continuous uni-
directional endless CF reinforced PEEK (uCF-PEEK) is produced by Invibio Ltd. under
the trade name PEEK-OPTIMATM Reinforced and PEEK-OPTIMATM Ultra-Reinforced.
The uCF-PEEK materials from Invibio were previously named Endolign Tape and (pul-
truded) Endolign Rod [5].
In [41], sCF-PEEK screws for osteosynthesis were produced by injection moulding.
This study has shown that structural mechanical properties of these discontinuous re-
inforced screws were not sufficient for osteosynthesis [41]. sCF-PEEK specimens are
characterised by fibre discontinuity, random fibre distributions, and variations in the fi-
bre orientation. Moreover, fibre distribution and orientation can change dependent on
part geometry and process parameters. With discontinuous fibre reinforcement, the
fibre distribution and orientation is difficult to control, and variations in structural me-
chanical properties can be observed so that the achievement of a constant product
quality may be challenging.
Tognini et al. produced cortical CF-PEEK bone screws with CF volume fractions up
to 61 vol.-% by composite transfer squeeze forming (CTSF) [96]. For this process, a
composite rod was heated and axially pushed into a mould [96]. The fatigue properties
were superior and notch sensitivity was less compared to titanium screws [96]. Com-
pared to injection moulded screws, structural mechanical properties were higher [96].
However, discontinuous fibre distribution was still present [41].
2.2 Pedicle screw systems
Pedicle screw fixation was popularised in Europe by Roy-Camille starting in the 1960s
[49]. Today, it is one of the standard surgical methods in the thoracic and lumbar spine
region [25]. The components of a pedicle screw system can be seen in figure 2.2.
Pedicle screws are the central element of spinal fusion [25], and the success of bone
fixation is highly dependent on the screw holding power [45]. Pedicle screws have
the function of anchoring the system in the vertebrae. Their threads typically show a
buttress shape [97]. In contrast to monoaxial pedicle screws with a fixed connection
4FDA approval in 2001
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tulip
bridging rod
pedicle screw
locking mechanism
15 mm
Figure 2.2.: Components of a pedicle screw system; image reference: Ulrich GmbH &
Co. KG
between screw and tulip, polyaxial screws have a spherical head on which the tulip can
rotate and tilt prior to fixation [26, 98]. The tulip connects the screw with the bridging
rod which can slide in the tulip. These movements are restricted after the activation of
a locking mechanism. In metallic systems, the fixation between bridging rod and tulip,
and tulip and screw is typically achieved by tightening set screws or nuts [23, 98]. The
fixation is dependent on the friction in between the components and has to be realised
without the introduction of surface defects which could lead to reduced fatigue life of
the system [23, 99].
With polyaxial pedicle screw systems, screw alignment and system installation during
surgery is easier compared to monoaxial systems [26, 98]. Additionally, the risk of
pedicle screw or bridging rod breakage is reduced [98], and there is less need to bend
and adapt the bridging rods during surgery [26] so that operation time can be reduced
[26].
This research on the material combination of continuous and discontinuous fibre rein-
forced PEEK is based on a one-level pedicle screw system. A one-level pedicle screw
system consists of four screws which are connected by two bridging rods. Figure 2.3
illustrates such a system with its components, relevant anatomical structures, and the
direction of the pull-out force which is acting on the pedicle screw head. Pull-out forces
can lead to implant loosening. This critical loading case is mainly a result of spine
bending and lifting of heavy objects. Pull-out forces lead to shear stresses in bone
which have to be lower than bone shear strength to prevent implant failure. Pedicle
screw systems can also stabilise more than one spine level.
Patients with spondylolisthesis, spondylolysis, degenerative arthritis, tumours, scolio-
sis, degenerative disc disease (spinal stenosis), or spinal bone fractures can be treated
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Figure 2.3.: One-level spinal fixation; image reference: [100]
by implanting pedicle screw systems [6, 101]. By the use of these systems, spine in-
stabilities can be effectively decreased so that abnormal displacements or rotations
between vertebrae under physiological loads can be eliminated [24]. If non-surgical,
less invasive therapies fail to heal these pathologies and to recover spinal stability, in-
vasive spinal fusion (arthrodesis) will be required [12, 22, 25, 26]. The prevention of
abnormal movements of vertebrae leads to the reduction of painful pressure on nerves
and the spinal cord [97].
Typically, a drill or an awl is used to open cortical bone and to drill a pre-hole into
bone so that screw insertion is eased [23, 43, 102, 103]. In spongious bone, no pre-
hole should be drilled to achieve bone compaction during insertion so that sufficient
fixation strength is promoted [23]. Based on the experience with metallic screws, the
pre-hole diameter should be smaller than the inner screw diameter [23]. If the pre-hole
is tapered [104], pedicle screws will typically not require a cutting edge to cut the thread
into bone [102]. Two screws are inserted for each affected vertebra [43]. The upper
part of the screw is located in cortical bone, and the lower part in spongious bone.
Five to twelve minutes are typically needed to implant one pedicle screw [25] as long
as there are no complications. Dependent on the pedicle size, different pedicle screw
diameters are used [43]. During computer assisted surgery, medical images are taken
to confirm correct screw positioning [71, 73] so that misalignments and complication
rates can be significantly reduced [25].
The main functions of pedicle screw systems are the correction of spine alignment
and the recovery of spine stability [101]. Pedicle screw systems are typically installed
from the patient’s back, aiming at vertebral fusion and the restriction of mobility [23, 49]
following the statement no movement, no pain. With metallic pedicle screw systems,
a rigid fixation is typically achieved [23]. However, ideal spine fixation means ensuring
sufficient stability without excessive rigidity of the system [16]. Vertebral fusion occurs
after approximately six months after surgery [23]. During this time, the pedicle screw
system has to withstand about one million cycles [23]. Pedicle screw systems shall
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provide short-term stability of the human spine which means that they have to fulfil
their function for about two years [105]. After this time, implants can be removed [26]
or remain in the patient’s body.
Several studies have been published concerning the optimisation of metallic pedicle
screws. Typically, screw design optimisation yields the improvement of screw stability
in bone and the resistance against pull-out [45].
Besides an optimal pedicle screw design, a material stiffness comparable to bone is
important to decrease stress shielding and to improve implant stability, as described
before. Pedicle screw stability is also influenced by its structural stiffness defined as
a product of material stiffness and implant cross-section [45]. In addition to that, it
depends on the design of the screw and the thread profile [23, 45, 101, 106–109],
the properties of bone [23, 101, 107, 108, 110], the structural mechanical properties
of the screw material [110], the surgical technique [101], and the size of the pre-hole
[108, 110].
Research on metallic pedicle screws confirms that screw stability can be improved
by design optimisation, such as the increase of outer screw diameter [23, 45, 106,
107, 109–112], the decrease of pitch [109, 110, 112], the decrease of inner screw
diameter [23, 48, 111, 112], the decrease of half angle5 [112], and the increase of screw
purchase length [97, 107, 110, 111]. However, the risk of screw failure is increased
by decreasing the inner diameter [23]. Threads with less sharp edges lead to a more
homogeneous stress distribution, less notch effects, and a higher fatigue limit of pedicle
screws [49, 113, 114]. Besides design optimisation, screw stability can be improved
by optimising screw trajectory in vertebrae, by augmentation with bone cement, or by
using expandable pedicle screws [106]. The stability of the entire pedicle screw system
depends on the fixation of rod, screw, and potential cross-links [48].
In addition to cylindrical screw shafts, pedicle screws can also have a tapered/conical
shape to compact bone during insertion [48, 108, 114]. By the compaction of bone
material, conical screws can improve pull-out strength in specific situations [103, 108].
Dual core or dual shafted screws with a fixed outer or inner radius and two different in-
ner or outer radii are further commercially available screw designs [114]. These screws
ease screw insertion while having superior screw stability [103, 106]. Additionally, due
to their thicker upper screw shaft diameter, the risk of screw neck breakage is reduced
[103]. Dual shafted screws avoid the problem of losing bone contact in contrast to con-
ical screws when turned back during surgical procedure [103]. Additionally, the danger
of pedicle breakage especially in osteoporotic bone can be reduced [106].
5design parameter of a buttress thread (cf. figure 4.19); no distinction between proximal and distal half
angle was made in [112]
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Gefen introduced the concept of a graded-stiffness screw having a “reduced-stiffness-
titanium core and outer polymeric threads” [45, p. 337] to improve stress transfer from
screw to bone. Stress transfer can also be improved by increasing the number of
threads [45].
2.2.1 Medical background
Bone properties depend on species, race, region, gender, age, and state of health
[115, 116]. Additionally, bone is an anisotropic material [41]. It is composed of cortical
and spongious bone, also known as cancellous or trabecular bone [18, 41]. Bone has
to be stiff to withstand physiological forces as well as strong and tough to prevent easy
breakage [46]. The flexural strength of human bone varies but is typically in the range
of 80 MPa to 180 MPa [92, 115]. Cortical and spongious bone differ in the degree
of porosity which is dependent on loading, disease, and age [115]. The stiffness of
cortical bone varies in the range from 12 GPa to 20 GPa [15, 17, 18, 92, 115] whereas
spongious bone has a stiffness in the range from 0.01 GPa to 3 GPa [18, 24, 117,
118]. Spongious bone has a higher strain before failure and a higher energy storage
capacity than cortical bone [115]. The transition between cortical and spongious bone
is continuous [116].
Figure 2.4 shows the anatomical Cartesian coordinate system of the human spine.
Instead of the terms dorsal and ventral, the terms posterior and anterior are often
used. On each of the three axis, translational and rotational movements can occur.
cranial
caudal
left
right
dorsal
ventral
Figure 2.4.: Anatomical Cartesian coordinate system of the human spine according to
[23, 119]
The spine is loaded by the upper body weight. Therefore, one main function of the
spine is to provide structural support for the upper body. The majority of this load is
carried by the vertebrae [23]. Width, height, and volume of vertebrae increase from
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cranial to caudal to resist the increasing body weight [23, 119]. The lumbar vertebrae
are the biggest and strongest vertebrae [119]. Figure 2.5 illustrates the structure of
vertebrae schematically with the Latin names of their components. In between the
vertebrae, intervertebral discs (discus intervertebralis) enable and restrict spine move-
ments [23].
corpus 
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pediculus arcus 
vertebrae
lamina arcus 
vertebrae
processus 
articularis inferior
processus 
articularis superior
processus 
transversus
processus 
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15 mm
spinal canal
Figure 2.5.: Structure of vertebra [119]
Most of the pull-out strength of the pedicle screw depends on the pedicle and not
on the vertebral body [23, 101]. The pedicle is a bone cylinder between the lamina
and the vertebral body [101], as shown in figure 2.5. It is composed of cortical bone
surrounding little spongious bone [49]. Similarly, the vertebral body consists of inner
spongious bone surrounded by cortical bone [86]. The more the screw thread is located
in cortical bone, the higher the screw stability is [110]. Pedicle size differs along the
spine [43], and its dimensions limit the maximum outer diameter of the pedicle screw
[49, 97]. Its bone mineral density (BMD) and its cortical to spongious bone ratio are
higher than that of the vertebral body [23, 101] which indicates the pedicle as one of
the strongest spine elements [97]. Hohn et al. found that the BMD of the pedicle is in
the range of (0.303±0.076) g/cm3 [120]. In this study, the highest BMD of the non-
osteoporotic pedicle of a 35 year old male was approximately 0.42 g/cm3 [120]. BMD
positively correlates with pedicle screw stability [120, 121]. Furthermore, a higher BMD
typically observed with younger patients decreases the risk of bone failure [23, 120].
Osteoporotic bone has a lower BMD than healthy bone [101] so that screw fixation
is critical in osteoporotic bone [23, 122]. Therefore, expandable pedicle screws or
cement augmentation, for example with PMMA, is used to enhance screw stability
[21, 106, 122, 123]. For cement augmentation, pedicle screws have to be cannulated
and fenestrated [106, 120, 124]. Disadvantageously, neurologic injury due to cement
leakage into foramina and spinal canal (cf. figure 2.3 and 2.5) can occur [106, 123].
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Cannulated screws enable minimal invasive surgery [123].
The human spine is subjected to one to three million cycles a year [23, 42]. Certainly
the load levels and the number of cycles differ dependent on the activity level of the
patient. Stress concentrations are a common reason for implant failure under static or
cyclic loading [11, 23, 25]. Implant failure can also occur due to an incorrect operation
method or erroneous post-operative management [110]. Screw fatigue fracture is of-
ten located at the inner screw diameter [125]. During service life, high bending forces
are acting on the screw whereas torsion forces are typically irrelevant [23]. Screw
breakage is more often observed than bridging rod breakage [48]. Another common
complication, which has to be avoided, is screw loosening [21]. Besides implant fail-
ure, failure at the screw-bone interface can occur due to bone fracture [23, 106]. It is
important to achieve a reliability of implants, especially for long-term applications, to
prevent reoperations [11].
Expensive cadaveric bones are often used for biomechanical tests. However, signif-
icant variations in bone properties are common [112, 114]. Additionally, bone can
deform or break during loading [114]. Therefore, bone replacement materials (BRMs),
such as ultra-high molecular weight polyethylene (UHMWPE) or PUR foam, are often
used to biomechanically test implants [114]. BRMs are standardised in ASTM F 1839
[126]. Their mechanical properties are uniform and consistent so that they are rec-
ommended for comparative biomechanical studies [48, 102, 104, 107, 108]. However,
the results obtained by tests with BRM should not be directly transferred to in-vivo
situations because the mechanical properties and the geometry of human bone are
approximated [48, 102, 107, 112]. PUR foams are purchasable in different densities to
represent different bone qualities [126].
2.2.2 Materials
As mentioned before, titanium is one of the standard materials for implants. Also for
pedicle screw systems, titanium is widely used. The majority of pedicle screws, bridg-
ing rods, tulips, and locking mechanisms on the market is composed of titanium. Some
of the big manufacturers of titanium pedicle screw systems are B. Braun Melsungen
AG6, Ulrich GmbH & Co. KG7, Zimmer Biomet Spine, Inc.8, Medtronic plc9, DePuy
6www.bbraun.com/en/products-and-therapies/product-catalog/spine-surgery.html; accessed 25 No-
vember 2019
7www.ulrichmedical.de/en/products/spinal-systems/rod-screw-systems/; accessed 25 November 2019
8www.zimmerbiomet.com/medical-professionals/spine.html; accessed 25 November 2019
9www.medtronic.com/us-en/patients/treatments-therapies/spinal-fusion-scoliosis-surgery.html;
accessed 25 November 2019
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Synthes10, and Globus Medical, Inc.11
The pedicle screw systems VADER® and LightMore® from Icotec AG are composed of
CF-PEEK screws with titanium tulips, titanium set screws, and CF-PEEK or titanium
bridging rods12 (cf. figure 1.1 on the left). The Icotec composite pedicle screws are
composed of CFs embedded in a PEEK matrix. However, the fibres are discontinuously
distributed due to manufacturing by composite flow moulding [21]. Composite flow
moulding is a manufacturing technique with which a pultruded rod is heated above the
melting temperature, and is pushed under pressure into a cavity which contains the
geometry of the final product [5]. This process is very similar to the CTSF of cortical
bone screws mentioned before.
In [21], CF-PEEK pedicle screws resisted similar numbers of load cycles until loosen-
ing compared to titanium screws. However, especially for non-metallic implants, stress
concentrations could lead to early implant failure [11]. These stress concentrations
existed at pedicle screw threads which change stress distribution and cause disconti-
nuities [11]. Thus, pedicle screw design will have to account for the reduction of stress
concentrations especially if composite materials are considered [11].
CarboFix Orthopedics Ltd. distributes a pedicle screw system which is entirely non-
metallic, except of the titanium shell of the pedicle screw (cf. figure 1.1 on the right)
[8, 9]. No artefacts arise with this system [8]. It is comparable to standard metallic
pedicle screw systems in terms of intraoperative complications and recovery of spine
stability [8]. However, several disadvantages concerning this system were reported,
such as a difficult positioning, a fix bridging rod contour, and a special tool which is
required for system installation [8]. According to Tedesco et al., the surgical procedure
is not user-friendly [8]. Due to a reduced torsional resistance of the CarboFix CF-PEEK
screws, a proper pre-hole preparation with tapping should be considered [8].
For about one decade, PEEK and CF-PEEK have been successfully used for bridging
rods of pedicle screw systems [5, 16, 127–129]. These non-metallic rods are semi-rigid
components which restore normal kinematic behaviour of the spine while ensuring suf-
ficient stabilisation [13]. Major manufacturers are DePuy Synthes13, Medtronic plc14,
and Invibio Ltd.15 The increase in flexibility compared to metallic bridging rods con-
tributes to less implant failure. Stress is beneficially reduced at the screw-bone inter-
10www.jnjmedicaldevices.com/en-US/product/expedium-verser-spine-system; accessed 25 November
2019
11www.globusmedical.com/solution/spine/posterior-lumbar/; accessed 25 November 2019
12www.icotec-medical.com/de/implantate/lumbale-wirbelsaeule/pedicle-systems.html; accessed 30 Oc-
tober 2019
13Expedium® PEEK Rod [16]
14CD Horizon® LegacyTM [5]
15https://invibio.com/components/spinal-rods; accessed 4 November 2019
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face, and the risk of adjacent segment disease, which is a propagating disease due to
abnormal loads on adjacent segments to the fused level, is reduced [16, 33, 127, 128,
130–132]. Despite the advantages of using PEEK or CF-PEEK bridging rods in specific
surgical situations, the usage of these rods together with metallic screws and ordinary
locking mechanism, e. g. set-screws or nuts, can lead to rod damage [129]. Typically,
only a limited number of spine segments can be fused with purchasable CF-PEEK
bridging rods due to their limited length [73]. These rods typically have a pre-bended
shape [73]. In addition to rigid and semi-rigid pedicle screw systems, several dynamic
systems exist on the market [23, 71, 127, 130, 132].
2.3 Material combinations
Nowadays, functional requirements can often not be met by a single material [133].
However, a hybrid structure, which is composed of two or more materials, can have
properties that one part cannot fulfil [134]. Two parts or materials can be joined to-
gether to benefit from the advantages of each component [133, 135, 136]. However, a
weak boundary layer can exist between two substrates and can decrease their inter-
face strength [30]. It can be caused by surface contaminations, air or gas enclosures,
or chemical reaction products [30]. For structural applications of material combinations,
a sufficiently high interface strength has to be achieved [30].
2.3.1 Interface
The term interface strength describes the strength of the contact region of two materi-
als or components. Cohesive failure of a hybrid structure occurs within the adherend
and indicates excellent interface strength [137]. The term cohesion refers to attraction
forces between atoms and molecules due to chemical primary and secondary valency
bondings within the material [30, 138]. These types of bondings are illustrated in figure
2.6.
Adhesion is based on complex interdependencies across the interface [30]. Adhesive
failure occurs at the interface between the adherends [137]. In this case, the failure
surface is typically smooth [30]. Besides cohesive and adhesive failure, failure due
to a combination of both is also possible [139]. Kisin informs about the empiric rule
of adhesion: “The adhesion between two surfaces will be high if they show similar
surface energies and low if there is a large discrepancy between the two” [140, p. 2].
Three types of adhesion can be differentiated [138]:
• specific adhesion due to chemical, molecular physical, and thermodynamic theo-
ries
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Figure 2.6.: Types of bonding according to [138]
• mechanical adhesion due to form fit of molten material and substrate
• autohesion due to diffusion and entanglements of chain segments across the
interface
These models for the interpretation of adhesion and corresponding theories are shown
in figure 2.7.
If molten polymers have close contact, interdiffusion of molecular polymer chain seg-
ments across the interface will occur leading to excellent interface strengths [142–145].
In the case of chemically identical materials, this process is called autohesion [30, 146]
or healing because of the possibility of crack closure [143, 147, 148]. Healing of poly-
mer interfaces is characterised by surface approach, wetting, diffusion, and randomi-
sation [148]. Chains of one polymer, which cross the interface, interpenetrate the other
polymer, and form entanglements with chains of the other polymer [147]. Healing is
dependent on several processing parameters, such as time, temperature, pressure, or
polymer characteristics, e. g. its mass. In 1971, de Gennes formulated the reptation
model which is based on a three-dimensional (3D) network. This model describes that
neighbouring chains, which represent obstacles, cannot be crossed by a polymeric
chain but the chain can move in between [146]. For amorphous polymers, the glass
transition temperature has to be exceeded for a sufficient time to enable healing pro-
cesses [143, 147]. In contrast, semi-crystalline polymers typically require temperatures
close to the melting temperature so that healing can occur because polymer chain mo-
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Figure 2.7.: Models of adhesion and corresponding theories according to [141]
bility is hindered by the presence of crystalline regions [143]. With sufficient healing
time, and a constant healing temperature, the healed structure can reach the prop-
erties of the virgin material [148]. Increasing heating time leads to an improvement of
chain mobility so that a deeper penetration of chain segments into the opposing surface
is promoted [149]. Lamèthe, Beauchêne and Léger report that for PEEK specimens
pre-heated at 250 °C, 0.25 s are sufficient for chain interdiffusion under the application
of pressure [149]. A detailed discussion about other theories of adhesion is beyond
scope of this work but further literature can be considered.
One example of the interface formation by interdiffusion between a thermoset prepreg
(e. g. bismaleimide or cyanate ester with woven fibres) and a thermoplastic part (e. g.
polyether imide (PEI) or polyether sulfone (PES) with chopped GF) is described in
[150]. Both matrices should be partially miscible so that the interface between the two
parts can be formed by “bringing the parts into mutual contact and heating the parts at
a temperature and pressure for a period of time sufficient to promote mutual miscibility”
[150, p. 1]. This co-curing process leads to molecular diffusion of thermoplastic into the
thermoset or vice-versa while the thermoset has still not fully cured. For this process,
the cure temperature does typically not exceed the glass transition temperature of the
matrix of the thermoplastic, and the cure time is about 0.5 h to 24 h. After curing, a
structural joint between the thermoset and thermoplastic can be established with this
technique. [150]
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If two surfaces are in close contact with each other, surface forces will lead to the at-
traction of both surfaces [151]. A clear distinction exists between the effective contact
surface and the geometrical surface. Whereas the geometrical surface only depends
on the dimensions of the part, the effective contact surface influences interface strength
[138]. The lower the viscosity of the molten mass or of the adhesive, the better the wet-
ting and the bigger the effective contact surface [30, 152]. The viscosity of the molten
mass can be decreased by increasing its temperature [152], but material degradation
has to be avoided [145]. In addition to the effective contact surface and the geometrical
surface, the real surface exists. It considers the roughness of the geometrical surface
[138]. A rough material surface promotes mechanical interlocking of two surfaces in
close contact [136, 153]. Figure 2.8 illustrates the three different types of material
surfaces.
geometric surface effective contact surface real surface
Figure 2.8.: Types of material surfaces [138]
A joint which relies on the mechanical interlocking between a phenolic thermoset and
a GF-PC is described in [154]. To establish the joint between the two materials, the
thermoplastic is heated above its melting temperature by a laser so that it can flow onto
the surface of the thermoset and preferably into a notch or groove. After solidification
of the thermoplastic, a sufficiently strong joint can be established. This technique can
also be used to join thermoplastics with other non-thermoplastic materials. [154]
Another possibility to mechanically interlock thermosets with thermoplastics is de-
scribed in [155] and is based on a fibre reinforced thermoplastic hybrid interlayer. For
this process, a woven cloth was partially impregnated by the thermoplastic. One side
of the cloth was not impregnated but was co-cured with a wet lay-up of a thermoset
composite. During curing, the thermoplastic remelted and mixed with the thermoset
matrix so that the dry parts of the woven cloth were impregnated, and mechanical in-
terlocking occurred. In addition to mechanical interlocking, the interface strength was
promoted by the interdiffusion of polymeric chains. With this technique, a lap shear
strength of 20 MPa was achieved for a GF reinforced PEI-EP hybrid. [155]
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2.3.2 Joining technologies
Hybrid structures can be manufactured by different joining technologies, such as me-
chanical fastening, adhesive bonding, welding, compression moulding, overmoulding,
or as a combination of those [156, 157].
Mechanical fastening, adhesive bonding, and welding are post-mould assembly (PMA)
technologies which are based on separate steps for forming of the product and as-
sembly [134, 135, 156]. PMA technologies enable a higher freedom in product design
[134]. Disadvantageously, process time is typically higher compared to in-mould as-
sembly (IMA) technologies, such as compression moulding or overmoulding [135]. In
contrast to PMA technologies, the assembly step is integrated into the forming step
of the product for IMA technologies [30, 133, 134, 156]. The integration of the joining
process in the compression or injection moulding step is a promising alternative for the
production of structural parts with a high level of function integration [30, 143, 158]. Ex-
pensive assembly steps can be eliminated. However, thermal distortions and residual
stresses can result [156]. Despite of this fact, several disadvantages of mechanical,
adhesively bonded, and welded joints can be avoided with IMA technologies [158].
2.3.2.1 Mechanical fastening
Advantageously, mechanical fastened joints can be recycled and disassembled with
little efforts [157]. In addition to that, different materials can be joined and quality can
easily be controlled [4]. However, mechanical joints also have some disadvantages.
The strength of the components is reduced due to the required holes [4]. Furthermore,
high stress concentrations arise near the joining points [157, 159], contact corrosion
can occur [158], and potential damage or delamination of composites can be the result
of self-piercing joining [158].
In [157], strong mechanical joints between metal and polymer could be manufactured
with the collar joining method in which annular collars were punched into a metal sheet
which was then cold-pressed into a polymeric component. Another mechanical fasten-
ing technique to join metals and polymers is friction riveting [157, 159]. High rotation
speeds of the metallic rivet lead to the melting of the polymeric region around the tip of
the rivet [157, 159]. The rivet is then pushed into the molten polymeric base material
[157]. Finally, a forging pressure is applied so that the tip of the rivet plasticises and a
strong joint is established [157].
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2.3.2.2 Adhesive bonding
Adhesive bonding strength is based on adhesion between adhesive and substrates,
and on cohesion within the adhesive and substrates [156]. With this technique, dis-
similar materials can be effectively joined, especially in the case of thin and flat com-
ponents [4, 157]. Stress is more homogeneously distributed due to a large effective
contact surface and the lack of holes, structural damping is improved, and there is
less risk of corrosion problems compared to mechanical fastened joints [4]. In con-
trast to welding, no thermal residual stresses arise, and there is no warpage of the
joined structure [4]. However, adhesive bonding is a time consuming and expensive
joining process [4, 136]. Other disadvantages are the difficult recycling of adhesively
bonded joints [144], the limited chemical, temperature and environmental stability of
the adhesive [4, 136], and the existence of dimensioning shear stress peaks [4].
Due to their low surface energy [5], thermoplastic materials typically show poor condi-
tions for adhesive bondings. Therefore, their surface is typically treated prior to bond-
ing. Functional groups, which are prone to build covalent bonds, can be created with
plasma or corona exposure, or with flame treatment [30, 155]. Roughening of the
surface increases the effective contact area while it simultaneously cleans and acti-
vates the surface to achieve higher interface strengths [138, 144]. For metallic sub-
strates, primers can be used to promote interface strength [144]. Concerning metallic
adhesively bonded joints, interface strength is mainly dependent on adhesive proper-
ties, surface preparation, and the primer used [144]. Disadvantageously, surface pre-
treatments require additional cost, energy and time [30], and can also lead to specimen
weakening [160].
2.3.2.3 Welding
A high number of welding techniques exists but for TPCs, ultrasonic, induction, and
resistance welding are most common [144]. Temperatures within the welding zone and
applied pressures are important factors for interface strength [160]. Although there are
no stress concentrations due to holes within the part, residual stresses can exist after
welding [144]. Welding of carbon fibre reinforced polymers (CFRP) can induce uneven
heating spots and delaminations due to a high thermal and electrical conductivity [144].
In addition to common welding materials, thermoplastic films can be used to join dif-
ferent parts [144, 155]. In [155], thermoplastic films were co-cured with a thermoset
composite. The thermoplastic showed a good chemical and mechanical compatibility
with the thermoset composite [155]. The thermoplastic films could be used to join ther-
moset structures with each other so that acceptable joint strengths could be achieved
[155]. With this technique, time and cost can be saved because the application of the
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thermoplastic films can be done prior to welding [144].
2.3.2.4 Compression moulding
In [161], a continuous GF-PP fabric was bonded to a long GF reinforced PP material in
a single compression moulding step. Two mechanisms mainly contributed to interface
strength: (1) interdiffusion of molecular chains, and (2) mechanical adhesion which is
based on surface roughness. Insert pre-heating temperatures below but close to the
melting point were chosen to achieve sufficient interface strength, to be able to handle
the preform easily, and to maintain the initial preform geometry [161]. However, with
such high pre-heating temperatures, fibre reorientation in the outer shell of the insert
could occur due to insert surface melting and flow induced shear forces [161, 162]
which may result in decreased mechanical properties of the hybrid structure [162].
The interface strength is highly dependent on the manufacturing parameters of the
joint. Cantwell et al. inform about interface strengths of CF-PEEK specimens between
5 MPa and 50 MPa [163]. Additionally, they applied a 100 µm thick PEEK film in be-
tween two CF-PEEK adherends and achieved interface strengths in excess of 50 MPa
by compression moulding. However, if the joining temperature is below the melting
temperature of PEEK, interface strengths of less than 10 MPa will be observed. In their
study, single lap shear (SLS) tests were conducted to determine the interface strength.
[163]
2.3.2.5 Overmoulding
Overmoulding enables the production of lightweight parts in low cycle times and in
an economic way [30, 160]. The interface strength of the overmoulded structure is
dependent on the processing parameters [142]. If the molten mass and insert are in
close contact, heat will be transferred from the molten mass to the insert [142]. If the
interface temperature exceeds the melting temperature of the insert, the surface of the
insert will melt, and molecular interpenetration across the interface will occur so that
excellent interface strengths can be achieved [142, 145]. Afterwards, cooling leads to a
solidification of the interface [142] and to a demouldable hybrid product. Both thermal
energy and shrinkage of the molten mass can contribute to interface strength [30].
Sufficient high temperatures at the interface are typically required for excellent inter-
face strengths because diffusion is enhanced and the viscosity of the molten mass
decreases so that insert wetting is promoted [30, 152]. The interface temperature is
dependent on the temperature of the molten mass, the mould, and the insert [152].
However, degradation of the molten mass will occur if its temperature is too high [145].
Increasing the mould temperature reduces insert cooling before overmoulding so that
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interface strength can be enhanced [30, 162], but cycle time can increase [160].
Overmoulding is based on the injection moulding technology. Injection moulding is
one of the most common polymer processing technologies [164]. Mainly three stages
exist for this process: plasticising, forming and demoulding [30]. Complex parts can
be produced economically and with high function integration, accuracy, and quality
[15, 29, 30]. Not only neat polymers, but also short and long fibre composites like
CF-PEEK can be processed with this technology. Injection moulding of PEEK requires
processing temperatures of about 400 °C, and mould temperatures of 175 °C to 205 °C
[5]. Fibre orientation, fibre distribution and fibre length vary dependent on processing
parameters [74]. Additionally, mould design is a significant factor concerning fibre ori-
entation [74]. Due to discontinuous fibre distributions, structural mechanical properties
are lower than for unidirectional fibre reinforced composites [74]. Cooling of the molten
mass leads to solidification and shrinkage [5, 164]. Residual stresses and warpage
can be the result of non-uniform cooling [29, 143, 164]. Polymer shrinkage can even
lead to the separation of the overmould from a metallic substrate [153]. However, by
using composite overmoulds, thermal shrinkage can be reduced [153].
No standardised test method exists for overmoulded structures. In [156], a flat metal
insert was partially overmoulded with long fibre reinforced thermoplastics (LFTs). The
resulting flat hybrid pull-out specimen was tested under tension [156]. Epple and Bon-
ten modified a mould for dog bone specimens so that an insert could be positioned
and partially be overmoulded [3]. For interface characterisation between a resin and
a composite, the Iosipescu specimen geometry was used in [143]. Another test spec-
imen for hybrid structures was described in [158]. Here, a hybrid plate was cut and
notches were milled into the specimen to conduct compression shear tests [158]. Fi-
nally, Tanaka, Fujita and Katayama describe a process in which a composite laminate
was pressed, and a rib structure was overmoulded [165]. After cutting, T-shape speci-
mens were tested in tension to characterise interface strength [165].
Overmoulding of metals
One of the first relevant examples of the implementation of a metal structure over-
moulded with a fibre reinforced thermoplastic polymer is the front end of the Audi A6
from 1996 [136]. For this hybrid product, a sheet steel was deep-drawn and over-
moulded with GF-PA so that a hybrid rib structure could be produced which benefited
from the properties of both materials [136, 166]. In addition to the lightweight poten-
tial, the overmoulding of metals with polymers can lead to electrical conductivity of
polymeric products [133].
The interface strength, which results from the overmoulding of metals with polymers,
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is typically based on form fit and mechanical adhesion [30, 136, 156]. The polymer
melt solidifies in cuts and indentations within the metal insert [156]. If the metal sur-
face is rough, micromechanical interlocking between metal insert and molten polymer
mass will be promoted [156]. Heating the metal insert before overmoulding improves
micromechanical interlocking and interface strength because the polymer can pene-
trate more easily the microroughness of the insert [136, 137, 153]. Without pre-heating
of the adherend, a solidified skin layer of the overmould can restrict microroughness
penetration [167]. However, even if the adherend is cold, the macroroughness of the
metal adherend can be penetrated by the polymer by applying high pressures [167].
In addition to form fit and mechanical adhesion, interface interdependencies, such as
covalent bonds, dipole-dipole interactions, or hydrogen bonds between polymer and
metal (cf. figure 2.6), can contribute to interface strength [139]. Adhesion can be im-
proved by etching, anodising, plasma spraying, abrasive blasting, pre-heating, or laser
structuring of the adherend [136, 158]. Additionally, primers can be used which should
adhere well to both the substrate and the overmould [136]. The combination of adhe-
sion and interlocking can redundantise holes for form fit so that a reduction of structural
properties can be avoided [136].
Overmoulding of polymers and composites
A typical application of the overmoulding technology in terms of overmoulding ther-
moplastic endless fibre reinforced structures (laminates) is their reinforcement by ribs.
These overmoulded ribs can increase the geometrical stiffness and resistance of lam-
inates, for example against buckling loads [143, 145]. Overmoulding of thermoplas-
tic laminates combines the superior mechanical properties of endless fibre reinforced
composites with the high freedom in design of injection moulded parts [1, 168]. If a
cohesive interface due to surface melting is achieved, excellent interface strengths will
result. Otherwise, an adhesive interface between insert and overmould exists. The
laminates can be formed by closing the mould, and can be functionalised by over-
moulding additional elements like ribs, hooks, or bosses [2, 145]. For this process, the
global players concerning injection moulding, KraussMaffei Group GmbH and Engel
Austria GmbH, developed special technologies16, 17 with which heating of semi-finished
parts, thermoforming, and overmoulding can be automatically realised in one produc-
tion facility.
To join a thermoset CF-EP prepreg with thermoplastic PP, a similar approach can be
16www.kraussmaffei.com/de/unsere-verfahren/fiberform-technologie; FiberForm-Technology ; accessed
9 January 2020
17www.engelglobal.com/de/at/verfahren/leichtbau/organomelt.html; ENGEL organomelt ; accessed 18
February 2020
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used. The prepreg is pre-heated with a pre-heating time lower than its cure time. It
is then transferred to the mould, the mould closes, and the thermoplastic is injected.
Besides of the overmoulding, the thermoset is drawn and formed into the shape of the
cavity. The materials remain in the mould until the thermoset is completely cured. [169]
A different approach is the selective local reinforcement along the main load paths
of injection moulded structures by endless fibres. In [170], a production technique is
presented with which a hybrid product was manufactured, based on an overmoulding
process of endless fibre inserts. As a result of this process, injection moulded parts
were locally reinforced by unidirectional fibre reinforced tapes, and metallic inserts were
used as load introduction elements [170]. Compared to completely discontinuous fibre
reinforced products, higher specific structural mechanical properties could be achieved
[170]. Another example of a locally reinforced structure is published by Menovsky et
al. in the patent US20180008275A1 which describes a hybrid clip for aneurysm [171].
For this clip, a thin biocompatible unidirectional CF-PEEK spring insert used for tight
closure of the aneurysm was overmoulded with CF-PEEK [171]. No artefacts in med-
ical imaging technologies were created with this clip [171]. In addition to that, DePuy
Synthes patented a polymeric PEEK bridging rod with a local internal unidirectional
CF-PEEK reinforcement (patent US9232968B2) to enhance bridging rod strength and
fatigue properties [172]. The hybrid bridging rod can be produced by pressing or over-
moulding [172].
Thermoplastic polymeric or composite inserts should be heated prior to overmoulding
to increase the interface temperature and to promote interface strength [143, 145, 152].
Dependent on the insert pre-heating temperature, handling and fixation can be difficult
[166]. An appropriate insert fixation in the mould is important for successful over-
moulding [166]. If the surface of the polymeric insert melts, a cohesive interface will be
formed. In this case, excellent interface strengths can be achieved due to molecular in-
terdiffusion and entanglements across the interface [145, 166]. Therefore, the melting
temperature of the insert should be smaller than or equal to the melting temperature of
the molten mass [166]. For example, this can be achieved by using the same matrices
for insert and overmould [143]. Geometric stability of the pre-heated insert prior to
overmoulding has to be ensured which means that ideally only the surface of the insert
should melt but not the bulk material [152].
Similarly to adhesive bondings, surface preparation methods can lead to an improve-
ment of interface strength of polymeric or composite overmoulded structures. As an
example, plasma treatment can be used to effectively increase interface strength by
the activation and the cleaning of the surface of the polymeric insert [166].
Overmoulding of polyaryle ether ketones (PAEKs) is eased by the use of low-tempera-
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ture processing PAEK inserts [1]. With these kind of inserts, the heat required for
achieving a high-strength interface is reduced. In [168], a low-melt multi-layer PAEK
composite laminate was overmoulded with PEEK without pre-heating of the insert, and
an interface with sufficient strength could be established.
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3 Research objectives and procedure
The majority of polymeric products is manufactured by processes which typically show
a high level of automation, such as injection moulding. With these processes, low cycle
times and high production rates can be achieved. These attributes will still be main-
tained if different materials are joined within the manufacturing process, e. g. by over-
moulding. The overmoulding technology enables the production of hybrid structures
which consider that the most expensive material with the best structural mechanical
properties is only used where it is actually needed. Thus, the lightweight potential of
these structures is utilised while cost is kept low. With hybrid TPC structures, which sat-
isfy both the aspects of low cost and high performance, new fields of applications can
be unlocked. In this work, an advantageous material combination with a high-strength
interface is realised under the consideration of a hybrid composite pedicle screw.
It has been shown that composite implants are characterised by distinct advantages
compared to their metallic counterparts (cf. chapter 2.1). However, failure of radiolu-
cent composite implants can lead to the loosening of implant parts within the patient’s
body which are difficult to locate by medical imaging technologies. Additionally, micro-
motions due to the reduced stiffness of discontinuous CF reinforced composite pedicle
screws hinder osseointegration and can lead to screw loosening [47]. Therefore, the
concept of a hybrid composite pedicle screw, which is based on the material combina-
tion of discontinuous short CF reinforced PEEK (sCF-PEEK) and continuous unidirec-
tional endless CF reinforced PEEK (uCF-PEEK), was developed. This concept aims
at the structural integrity of the pedicle screw in the case of screw breakage, and at
the possibility to tailor the stiffness of the hybrid composite screw to its application by
varying the thickness of its core or the fibre volume fraction. Additionally, the risk of
pedicle screw breakage, for example under bending loads, can be decreased by this
concept because the strength of the hybrid composite screw is superior compared to
their discontinuous fibre reinforced counterparts.
In the following, a focus is laid on the stiffness assessment of the hybrid compos-
ite pedicle screw. The Young’s modulus of the injection moulded sCF-PEEK material
highly depends on the fibre distribution and fibre orientation. According to the material
data sheet of the manufacturer Invibio Ltd., it is assumed to be 18 GPa in the following
[173]. The stiffness of cortical bone is similar to this value but depends on several
factors, such as age, gender, or the patient’s health condition. Bader et al. described
the need for lowering the stiffness of the implant to reduce stress shielding [19]. Dis-
continuous CF reinforced PEEK pedicle screws can efficiently reduce stress shielding.
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However, higher micromotions between bone and implant can exist due to the reduced
implant stiffness. These micromotions can hinder osseointegration and reduce screw
stability [47], as mentioned before. Furthermore, implanting a pedicle screw system
results in pull-out forces which are acting on the pedicle screw head. These loads mo-
tivate the need of high screw stiffness in longitudinal direction so that the bone stress
distribution around the screw thread is more homogeneous and micromotions between
screw and bone are reduced.
Under the assumption of a sufficient strong interface between core and overmould, the
stiffness components of the hybrid composite screw are connected parallel in longitu-
dinal direction. The total longitudinal stiffness of the hybrid composite pedicle screw
E
||
tot can be calculated by using the rule of mixture [4] with the corresponding volumes
VuCF−PEEK and VsCF−PEEK of the uCF-PEEK core and the sCF-PEEK overmould, re-
lated to the total volume Vtot of the hybrid composite pedicle screw:
E
||
tot =
VuCF−PEEK
Vtot
E
||
uCF−PEEK +
VsCF−PEEK
Vtot
EsCF−PEEK (3.1)
In this equation, E||uCF−PEEK is the stiffness of the uCF-PEEK core in fibre direction, and
EsCF−PEEK is the stiffness of the sCF-PEEK material which is assumed to be isotropic.
For the calculation, a pedicle screw with common dimensions (length of 51 mm, outer
diameter of 6.5 mm) was considered. The total volume of this screw was determined
with 1154 mm3. Additionally, a central and cylindrical uCF-PEEK core was assumed
which had a diameter D of 2.5 mm and covered the whole length l of the pedicle screw
of 51 mm. The volume VsCF−PEEK of the sCF-PEEK overmould can then be calculated
by
VsCF−PEEK = Vtot − VuCF−PEEK = Vtot − pi
(
D
2
)2
l ≈ 904mm3 . (3.2)
With the stiffness of the uCF-PEEK core in fibre direction1 and the stiffness of the sCF-
PEEK material of 18 GPa [173, 174], equation 3.1 yields approximately 50 GPa for the
total longitudinal stiffness E||tot of the hybrid composite pedicle screw.
The patient’s weight represents a natural loading case in which transverse forces are
acting on the pedicle screw. For the calculation of the total transverse stiffness E⊥tot
of the hybrid composite pedicle screw, the isotropic stiffness EsCF−PEEK of the sCF-
PEEK material of 18 GPa [173, 174] and the transverse stiffness E⊥uCF−PEEK of the
uCF-PEEK core2 are connected in series [4]. The resulting total transverse stiffness is
1170.2 GPa; material data of Invibio PEEK-OPTIMATM Ultra-Reinforced provided by Neos Surgery S. L.
29.4 GPa; material data of Invibio PEEK-OPTIMATM Ultra-Reinforced provided by Neos Surgery S. L.
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then calculated by inverting
1
E⊥tot
= 1
E⊥uCF−PEEK
VuCF−PEEK
Vtot
+ 1
EsCF−PEEK
VsCF−PEEK
Vtot
. (3.3)
Inverting this equation yields a total transverse stiffness E⊥tot of approximately 15 GPa
which fits well to the stiffness of human bone.
Both the total longitudinal and transverse stiffness of the hybrid composite pedicle
screw are much lower than the stiffness of a titanium implant of approximately 114 GPa
[18, 48, 114, 124, 175]. The stiffness of the hybrid composite screw in transverse direc-
tion is lower than that of a discontinuous CF reinforced screw because the uCF-PEEK
core has inferior structural mechanical properties perpendicular to the fibre direction.
Thus, stress shielding can be effectively reduced. In addition to that, the stiffness of the
hybrid composite screw in longitudinal direction is higher compared to discontinuous
CF reinforced screws to prevent micromotions so that osseointegration can be pro-
moted. Besides, the compression stiffness component of the hybrid composite screw
is close to that of bone as well.
Based on this motivation, the primary aim of this work is to develop and analyse a func-
tion optimised design of a hybrid composite pedicle screw. This function optimisation
yields (1) the possibility of tailoring the pedicle screw stiffness to prevent stress shield-
ing, to maximise screw stability and to increase the applicability of composite screws,
(2) the prevention of artefacts in medical imaging technologies, (3) a decreased weight
compared to metallic screws, and (4) an increased bending strength compared to dis-
continuous fibre reinforced screws.
For this purpose, the methodology shown in figure 3.1 is followed. This work aims at a
profound material and interface characterisation of the underlying materials, the com-
parison of different interface characterisation methods, the development of a suitable
specimen for interface characterisation, the comprehension of the interface formation,
the numerical investigation of the hybrid composite pedicle screw, the determination of
an optimal hybrid composite pedicle screw design, the realisation of the manufacturing
process of the hybrid composite pedicle screw considering the possibility of automa-
tion, and the biomechanical characterisation of the hybrid composite pedicle screw.
Profound know-how about the interface strength between a continuous endless CF-
PEEK insert and discontinuous short CF-PEEK overmoulding material is of crucial
importance for this research. Therefore, a special focus was laid on the development
of comprehension concerning the interface strength.
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Material 
characterisation
• Development of a powerful parametric screw-bone finite element model
• Examination of differences between two- and three-dimensional modelling
• Examination of stresses and strains especially close to screw-bone 
interface and for different screw materials
• Investigation of the influence of different contact formulations and bone 
properties
• Conduction of a parametric design optimisation and development of design 
recommendations
Interface 
characterisation
Numerical 
analysis
Design and 
manufacturing
Testing and 
validation
• Definition of requirements for composite pedicle screw system
• Definition of requirements for manufacturing process
• Definition of requirements for advantageous material combination
• Development of a functional analysis of a pedicle screw system
• Attendance of spine surgery
Concept 
development
• Characterisation of fibre, matrix, and composite material density
• Evaluation of the influence of water absorption, temperature, and fibre 
orientation on structural mechanical properties
• Determination of glass transition and melting temperature
• Characterisation of thermal material degradation and insert cooling
• Characterisation of an adhesive interface and evaluation of micro-
mechanical interlocking
• Identification of adherence test challenges and of parameters which 
influence interface strength
• Development of a novel specimen for interface characterisation
• Identification of requirements for cohesive interface formation
• Interface analysis
• Definition of a final hybrid composite screw design on the basis of design 
recommendations, manufacturing requirements, and bone behaviour
• Hybrid composite screw and component manufacturing
• Control of cohesive interface formation
• Evaluation of three-dimensional CF distribution of the hybrid composite 
screw by X-ray microscopy
• Conduction of biomechanical tests
• Concept validation by comparison of hybrid composite screws and 
discontinuous fibre reinforced screws
• Control of requiremens
• Validation of numerical model
• Validation of artefact free medical imaging
Figure 3.1.: Methodology and objectives of this work
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4 Material and interface characterisation, modelling, design, and
verification
The specifications of the CPSS are defined in the beginning of this chapter. Addi-
tionally, profound material and interface characterisations are presented which were
conducted to successfully realise the concept of the hybrid composite pedicle screw.
In parallel, finite element (FE) models were developed in Abaqus 2018 from Simulia
(Dassault Systèmes SE) to simulate the interaction between pedicle screw and bone,
and to perform a design optimisation of the hybrid composite pedicle screw. For these
studies, two- and three-dimensional (2D and 3D) FE models were generated in the
programming language Python. Based on the design recommendations, the manufac-
turing requirements and the bone characteristics, a final design of the hybrid composite
pedicle screw was developed and the screw could be manufactured. Additionally, the
other components of the CPSS were designed and manufactured. At the end of this
chapter, biomechanical tests and other validations emphasise the advantages of the
hybrid composite pedicle screw and the CPSS.
4.1 Specification
The requirements, which the CPSS has to fulfil, were defined in the beginning of this
research. A focus was laid on a one-level pedicle screw fixation system (cf. figure 2.3).
Figure 4.1 illustrates the functions of a pedicle screw system based on the modelling
times during surgery and after surgery, and shows that the manufacturing process
induces additional requirements to the CPSS components. Functions, which are only
important after surgery, are shown with dashed arrows. The four components of the
pedicle screw system (cf. figure 2.2) were analysed together with two head system
components namely surgeon and patient. The term spine segment refers to the region
of the spine which is treated.
As mentioned in chapter 2.2, the main function of the pedicle screw system is the re-
striction of the motion of the affected spine segment and the correction of spine align-
ment. On the one hand the system has to withstand forces which appear during the
installation of the system and the alignment of the spine during surgery. On the other
hand pull-out, bending, and torsional forces act on the system during its service time.
For the hybrid composite pedicle screw, 1 kN was specified as the required pull-out
force the screw has to withstand, based on the literature [106, 107, 122]. Additionally,
the screw insertion torque should be less than 3 Nm [110, 123]. Concerning cyclic
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Figure 4.1.: Functional analysis of a pedicle screw system
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testing, the hybrid composite pedicle screw has to resist 2.5 million cycles at a specific
load [176].
The design of the CPSS had to consider the spine anatomy and the surgical procedure
for the installation of the system. The basic dimensions of the composite pedicle screw
were defined in the specifications in order to standardise certain variables a priori and
to decrease the number of design variations. With this standardisation, the outer shape
of a master screw was specified. The design space for the screw shaft was defined
as a cylinder with a length of 45 mm and a diameter of 6.5 mm. Within this design
space, the optimum design in terms of structural mechanical properties, stability, and
manageability of the pedicle screw had to be found. The head of the polyaxial screw
had to allow a multi-axial rotation of the tulip of at least 15° to ease system installation.
Concerning the reinforcing uCF-PEEK insert of the hybrid composite pedicle screw,
a compromise of its diameter had to be found considering both conflicting aspects:
(1) increasing the structural mechanical properties of the screw in longitudinal direction
(favoured by a big insert diameter), and (2) ensuring flowability of the molten mass to
form the screw head and thread (favoured by a small insert diameter). The design of
the CPSS had to account for the composite material properties. Compared to titanium,
the structural mechanical properties of sCF-PEEK and of uCF-PEEK in transverse
direction are lower. On the one hand a reduced material stiffness is beneficial because
stress shielding is reduced. On the other hand the design of the system has to account
for reduced material strength, creep, and potential micromotions between implant and
bone due to reduced stiffness.
Additional requirements existed due to the manufacturing process of the CPSS com-
ponents. For the manufacturing of the hybrid composite pedicle screw, the uCF-PEEK
insert was overmoulded with sCF-PEEK material. The concept of the overmoulding
process is illustrated in figure 4.2.
The injection moulding of the hybrid composite pedicle screw and other potential in-
jection moulded CPSS components required a tool design which avoided material ag-
glomerations and undercuts so that demoulding was feasible. PEEK is a high tem-
perature resistant thermoplastic material which is processed at approximately 380 °C
(cf. chapter 2.1.2.1). Therefore, an injection moulding machine with a high temperature
equipment and suitable temperature control was required. In addition to that, a sealed
fixation of the uCF-PEEK insert within the mould was required for precise overmould-
ing. The complete filling of the mould cavity by the molten mass had to be ensured, and
rework of the injection moulded parts had to be as low as possible. If the inserts are
heated prior to overmoulding, the heating and transfer time to the mould will have to be
in-line with the injection moulding cycle. As a consequence, efficient production was
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injection moulding machine
uCF-PEEK insert
mould
10 mmcavity
Figure 4.2.: Overmoulding concept of the composite pedicle screw core
feasible. Since the bridging rod was a purchased and licensed part, no manufacturing
requirements existed for this component.
An excellent adhesion between the uCF-PEEK core and the overmoulding material of
the hybrid composite pedicle screw had to be achieved due to
• the preservation of the structural mechanical properties of the screw also for long
time application,
• the prevention of the core from disassociating from the overmould to ensure struc-
tural integrity during transport, assembly and service life,
• the transfer of shear forces from the overmould to the core which arise due to
pull-out loads, and
• the increase in applicability and the extension of the freedom in design meaning
the realisation of smaller screw diameters and smaller screw lengths while still
having sufficient structural mechanical properties.
To better understand the requirements that a pedicle screw system has to fulfil during
implantation, a spine surgery was attended at the Westpfalz-Klinikum GmbH. For this
research, it was considered important to know how surgeons treat a pedicle screw sys-
tem and which difficulties have to be faced during surgery. By the attendance of the
spine surgery, the procedures during operation were better understood. Additionally,
the psychological and physiological stresses of the surgeon and its assistants could
be assessed. Long operation times are common for spine surgeries. These times
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must not increase due to complicated system design or alignment difficulties due to
insufficient degrees of freedom (DOFs) of the system. In the development process of
an implant, the conditions during surgery have to be reflected. Easy manageability
and installation of an implant has to be ensured so that surgeons can focus on its pre-
cise installation. During implantation, the surgeon has only few possibilities to align the
pedicle screw system due to limited space and anatomic restrictions. System misalign-
ments or breakage typically require the removal of the pedicle screw system which also
has to be considered for the design of the CPSS. The surgeon who installed the sys-
tem is not necessarily in charge of its removal. Additionally, special systems typically
require special tools for installation and removal. However, not every tool is available
in every operating theatre. Considering these aspects, the possibility to remove the
CPSS with ordinary tools was defined as one additional requirement. Finally, sharp
edges should be avoided in the design of the CPSS components to prevent the oper-
ating staff and the patient from injuries.
The CPSS had to be sterilised according to the international standard DIN EN ISO
14630 [177] to prevent infections. Since CF-PEEK was used for the CPSS, the system
could be sterilised by common sterilisation methods (cf. chapter 2.1.2.1).
The CPSS had to be artefact-free in order to neither affect medical imaging technolo-
gies, such as X-ray, CT scan or MRI, nor to attenuate radiotherapy. However, the screw
had to be visible up to a certain degree so that the surgeon is able to locate it at any
time during and after surgery. Talking to surgeons, it is sufficient to locate the outer
edges of the screw thread and its tip. The surgeon can then be sure that the pedicle
entirely surrounds the screw, and that the tip of the screw does not protrude the cortical
shell of the vertebra. Visibility of the CPSS components can be ensured by a titanium
coating and radio-opaque markers (cf. chapter 2.1.2.1). By a titanium coating, not only
the visibility but also the osseointegration of the hybrid composite pedicle screw can be
enhanced.
4.2 Material and interface characterisation
In this work, the material combination of the hybrid composite pedicle screw was re-
alised by overmoulding a uCF-PEEK insert with sCF-PEEK material. To be able to
deeply understand this process and the resulting product, relevant physical, thermal,
and mechanical properties have to be known. However, only the material manufacturer
typically knows all relevant material data. Therefore, a profound material and interface
characterisation was conducted to determine relevant properties for the materials used.
Three materials were studied: uCF-PEEK plate material from Haufler Composites
GmbH & Co. KG, uCF-PEEK rod material PEEK-OPTIMATM Ultra-Reinforced from In-
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vibio Ltd., and sCF-PEEK injection moulding material Victrex® PEEK 450CA30 from
Victrex plc.
4.2.1 Mass density measurement
The mass densities were of interest to evaluate the weight saving potential of the CPSS
compared to metallic systems. In addition to that, the densities were used in the rule
of mixture in chapter 4.2.4 to determine the fibre volume fraction of the material and to
compare these results with the results obtained by thermogravimetric analysis (TGA).
To determine the mass densities of the underlying materials, density measurements
by the principle of liquid displacement on the basis of DIN EN ISO 1183 [178] were
conducted.
1.25 ml wetting agent1 was mixed with 250 ml demineralised and degassed water to
obtain the immersion liquid. Nine sCF-PEEK specimens with the dimensions of 25 mm
× 25 mm × 2 mm (length l × width w × thickness d), three uCF-PEEK plate specimens
with the dimensions of 25 mm × 25 mm × 2 mm (l × w × d), and three uCF-PEEK rod
specimens with a diameter of 2.5 mm and a length of about 15.5 mm were examined in
this study. The precision scale Ohaus DV214C was used for the measurements, and
the study was conducted at room temperature. In accordance with the standard, no
conditioning of the specimens was required because the determination of the density
up to the second position after the decimal point was sufficient. It was assumed that
the lift of the copper wire, which was used for the fixation of the specimen in the liquid,
was negligible.
To determine the density of the composite materials, the density ρIL of the immersion
liquid was determined first. For this purpose, a standard test body with a volume VTB
of 10 ml was used. The mass mdryTB of the test body was measured in dry conditions
for ten times. Additionally, its mass mdippedTB was measured for ten times when dipped in
the immersion liquid. The density of the immersion liquid was calculated by using the
formula [178]
ρTB =
mdryTB
mdryTB −mdippedTB
ρIL (4.1)
in which ρTB is the density of the test body. Reordering of equation 4.1 for ρIL and
using VTB = ρTBmdryTB
yields
ρIL =
mdryTB −mdippedTB
VTB
. (4.2)
Using this formula, the density of the immersion liquid was determined to be 1.00 g/cm3.
1WAC Wetting Agent from Compard AG
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With this value, the density of the different materials could be determined. The mass
of each specimen was measured several times when dipped in liquid. The density of
the fibre reinforced polymers (FRP) could be calculated by using equation 4.1. For the
sCF-PEEK material, the density was (1.41±0.001) g/cm3, and for both the uCF-PEEK
plate and uCF-PEEK rod material (1.58±0.004) g/cm3. Victrex plc informs about an
sCF-PEEK density of 1.40 g/cm3 in the corresponding data sheet [179], and Invibio
Ltd. specifies the density of the uCF-PEEK rod material with 1.59 g/cm3 [180]. These
values are in good accordance with the measurements. The density of the sCF-PEEK
material is dependent on the processing condition of the injection moulding process
and the resulting fibre volume fraction. The fibre volume fraction also varies dependent
on the location at which the specimen is taken from. The theoretical fibre mass fraction
calculated with the mass densities is presented in chapter 4.2.4.
Table 4.1 summarises the data of the densities ρFRP , ρm and ρf of the composites,
matrices and fibres, and informs about the CF type of the materials.
Table 4.1.: Densities of the composites, their matrices, and fibres
Material ρFRP in g/cm3 ρm in g/cm3 ρf in g/cm3 CF type
uCF-PEEK plate 1.58 ± 0.004 1.30
[66, 181]
1.79 [182] ST a) [182]
uCF-PEEK rod 1.58 ± 0.004 1.30
[66, 181]
1.74 [4] IM b)
sCF-PEEK 1.41 ± 0.001 1.30
[66, 181]
1.74 [4] HT c) [183]
a) super tenacity carbon fibre, HexTow® AS4A from Hexcel Corp.
b) intermediate modulus carbon fibre
c) high tenacity carbon fibre
No information about the CF type of the uCF-PEEK rod material was available. How-
ever, assuming a Young’s modulus of 294 GPa for intermediate modulus (IM) CF in
fibre direction [4], a Young’s modulus of 4 GPa for the PEEK matrix [66], and a fibre
volume fraction of 62 vol.-% [180], a theoretical stiffness of the uCF-PEEK rod mate-
rial of approximately 184 GPa was obtained. This value is slightly higher but still in
good accordance with the data sheet2. Conducting the same calculation with other
fibre types resulted in higher differences compared to the composite material stiffness
listed in the data sheet. In addition to that, the theoretical density of the composite
of 1.57 g/cm3 will fit well to the material density determined in this study and to the
material data sheet [180] if the density of 1.74 g/cm3 of the IM CF [4] and the density
of 1.30 g/cm3 of the PEEK matrix [66, 181] are used for calculation. Consequently, IM
2170.2 GPa; material data of Invibio PEEK-OPTIMATM Ultra-Reinforced provided by Neos Surgery S. L.
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CFs were assumed to be used for the uCF-PEEK rod material. The fibre density of the
uCF-PEEK rod material listed in table 4.1 is based on this assumption.
With this study, the mass of the CPSS could be approximated and compared with a ti-
tanium pedicle screw system3 which consisted of tulip, set-screw, and a pedicle screw
with similar dimensions to the hybrid composite pedicle screw. For both systems, a
bridging rod with a length of 70 mm and a diameter of 6 mm was considered. Although
the titanium pedicle screw was cannulated and fenestrated, the mass of the CPSS
(8.4 g) was less than half of the mass of the titanium system (17.3 g). This mass dif-
ference will be significant especially if several spine levels have to be stabilised by the
pedicle screw system.
4.2.2 Liquid absorption analysis
Because the CPSS will be subjected to humid environment when implanted in the
human body, the effect of the immersion in saline environment on the structural me-
chanical material properties was determined. Additionally, the mass changes of the
uCF-PEEK plate and sCF-PEEK material due to liquid absorption were investigated.
Six uCF-PEEK plate specimens, six sCF-PEEK specimens, and five sCF-PEEK screws
were dried in a convection oven at 50 °C for 20 days and 17 hours. After this time, dry-
ing did not result in any further significant mass loss. The dimensions of the uCF-PEEK
plate and sCF-PEEK specimens were 80 mm× 20 mm× 2 mm (l × w × d). Three uCF-
PEEK plate specimens and three sCF-PEEK specimens were placed in a basin with
9 l distilled water. The remaining specimens and the screws were placed in a basin
with 19.5 l saline solution (9 g sodium chloride (NaCl) per litre). The liquid absorption
analysis was conducted at room temperature.
The relative mass changes χm of the specimens and the screws were calculated by
relating their absolute mass change to their mass after drying mdry:
χm = m−m
dry
mdry
(4.3)
In this equation, m represents the mass of the specimen or the screw at a specific time
after immersion. The relative mass change of the specimens and the screws over the
immersion time t is shown in figure 4.3.
No difference between the mass change of the specimens immersed in water and in
saline solution could be observed. As expected, the maximum mass change decreased
with increasing CF volume fraction because CFs do not significantly absorb any liquid.
The sCF-PEEK material showed a relative mass change of (0.36±0.006) % which is
3Spineart Romeo® 2 MIS
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Figure 4.3.: Relative mass change χm of uCF-PEEK plate specimens, sCF-PEEK
specimens, and sCF-PEEK screws over immersion time t
in good accordance to the data provided by the manufacturer [179]. After the immer-
sion, the relative mass change of the uCF-PEEK plate material was (0.13±0.003) %
and of the sCF-PEEK screws (0.35±0.002) %. The effect of liquid absorption on the
structural mechanical properties of the screw is described in chapter 4.6.2.
The results were compared to data from the literature. According to Wang and Springer
[184], the theoretical relative maximum mass change χˆmFRP, th of a composite when
exposed to humid air can be calculated by
χˆmFRP, th =
 1
1 + ϕV1−ϕV
ρf
ρm
 χˆmPEEK . (4.4)
Here, χˆmPEEK is the relative maximum mass change of neat PEEK, which is 0.45 %
according to [66], and ϕV is the fibre volume fraction. The equation is based on the
assumption that fibres do not absorb any moisture [184]. Figure 4.3 shows the theoret-
ical relative maximum mass change for the two materials with horizontal lines. When
immersed in liquid, the mass change of the specimen is typically higher compared to its
mass change when exposed to humid air [184]. Thus, the mass changes of sCF-PEEK
specimens and the sCF-PEEK screws are higher compared to the theoretical literature
value. During the underlying immersion time, the final relative mass change of the uCF-
PEEK plate specimens when immersed in liquid was lower than the theoretical relative
maximum mass change when exposed to humid air. However, referring to figure 4.3, a
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slight increase of the relative mass change of the uCF-PEEK specimens could still be
observed at the end of the analysis, and the difference between the experimental and
theoretical literature value was small.
4.2.3 Differential scanning calorimetry
The differential scanning calorimetry (DSC) aimed at the determination of the glass
transition temperature Tg and the melting temperature Tm of the PEEK matrices. Addi-
tionally, information about the degree of crystallinity Wc was gained. The DSC 1 from
Mettler-Toledo GmbH was used for the DSC which was based on the principle of a
heat flux difference. The reference was a aluminium pan. Two heating and two cool-
ing phases with a rate of 10 °C/min were studied so that in total four segments per
specimen existed. The temperature increased from 25 °C to 380 °C. The maximum
temperature was chosen so that on the one hand no crystalline phases existed any-
more and on the other hand the molecules of the PEEK matrix did not decompose. Up
to a temperature of 380 °C, the thermal properties of the composite materials is mainly
governed by the thermal properties of the PEEK matrix. The temperatures are too low
to significantly affect the CF. The cooling phase started at 380 °C and ended at 25 °C.
Liquid nitrogen was used for cooling. During the analysis, nitrogen flushing gas with a
rate of 30 ml/min prevented the material from significant degradation.
The specimens were cut into small pieces with a maximum extension of 5 mm so that
they fitted into the 70 µl pans of the DSC instrument. Two uCF-PEEK plate, two uCF-
PEEK rod, and two sCF-PEEK specimens were used for the DSC. The DSC diagrams
of the specimens for both heating segments can be seen in figure 4.4. In the figure,
the heat flow rate Φ is plotted against the temperature T .
One main melting region can be identified for all specimens. In addition to that, small
initial melting peaks in front of the main melting region can be observed for several
specimens. The peaks existed in the first segment, for the uCF-PEEK plate speci-
mens at approximately 270 °C, and for the uCF-PEEK rod specimens at approximately
215 °C. Pairs of endothermic peaks in the first heating segment were also described
by others [55, 56, 68, 77]. Typically, these initial peaks are a result of the thermal
characteristics of the manufacturing process. During manufacturing, different crystal
formations can arise. After controlled cooling during DSC, these manufacturing effects
can be eliminated, and the crystal size distribution can be homogenised. Therefore,
relevant thermal material properties, which should be independent of manufacturing
effects, were extracted from the second heating in the third segment (cf. table 4.2).
All specimens show a homogeneous and little distinct glass transition area which is typ-
ical for TPCs. As can be seen in table 4.2, the glass transition and melting temperature
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Figure 4.4.: DSC diagrams for the heating segments of two uCF-PEEK plate (upper
left), uCF-PEEK rod (upper right), and sCF-PEEK specimens (lower left)
Table 4.2.: Glass transition temperature Tg, melting temperature Tm, and degree of
crystallinity Wc of the PEEK matrices of the uCF-PEEK plate, uCF-PEEK
rod, and sCF-PEEK specimens
uCF-PEEK plate uCF-PEEK rod sCF-PEEK Mean
Tg in °C 143.01 ± 0.34 143.66 ± 0.61 147.06 ± 0.12 144.58 ± 1.82
Tm in °C 342.09 ± 0.04 342.74 ± 0.19 341.73 ± 0.36 342.18 ± 0.48
Wc in % 44.53 ± 2.27 45.65 ± 0.47 34.43 ± 0.65 n/a
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of the PEEK matrices of the uCF-PEEK plate, uCF-PEEK rod, and sCF-PEEK spec-
imens were very similar after controlled cooling and the elimination of manufacturing
effects in the third segment.
The degree of crystallinity affects the glass transition temperature of the specimen [56].
It was determined for the sCF-PEEK material of the composite screw, the uCF-PEEK
plate, uCF-PEEK rod, and sCF-PEEK material. Wunderlich informs about the specific
enthalpy of fusion hcrystS of fully crystalline PEEK of 37.4 kJ/mol [185]. With a molar
mass of PEEK of 288 g/mol [186], the specific enthalpy of fusion of fully crystalline
PEEK can also be expressed by 130 J/g [5, 75]. The degree of crystallinity Wc can
then be calculated by the fraction of the specific enthalpy of fusion hS of the specimen
and the specific enthalpy of fusion hcrystS of fully crystalline PEEK [75]:
Wc =
hS
hcrystS
=
HS
mPEEK
hcrystS
(4.5)
Here, the specific enthalpy of fusion hS is calculated by the fraction of the enthalpy of
fusion HS of the specimen and the mass mPEEK of its PEEK matrix. The mass of the
PEEK matrix can be calculated by using the formula
mPEEK = (1− ϕ)m (4.6)
in which ϕ represents the fibre mass fraction.
To determine the degree of crystallinity, four specimens were extracted from the sCF-
PEEK screw material and two specimens from each of the other materials. They were
examined by DSC and TGA (cf. chapter 4.2.4) so that the fibre mass fraction could
be determined for each specimen and used to calculate the corresponding degree of
crystallinity. The mean degree of crystallinity of the sCF-PEEK material of the com-
posite screw was (32.05±1.76) % in the first segment of the DSC. The first segment
was chosen here, because the influence of the manufacturing process was of inter-
est for the degree of crystallinity of the screw overmoulding material. The degree of
crystallinity obtained for the uCF-PEEK plate, uCF-PEEK rod, and sCF-PEEK material
after controlled cooling (third segment) can be seen in table 4.2. These values are in
accordance with the findings of other authors [35, 51, 53, 55, 75].
4.2.4 Thermogravimetric analysis
The aim of the TGA was the determination of the fibre volume fraction ϕV of the uCF-
PEEK plate, uCF-PEEK rod, and sCF-PEEK material. Additionally, the material degra-
dation behaviour was of interest because the overmoulding and insert material were
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exposed to high temperatures during the overmoulding process. Like for the DSC, the
maximum extension of the specimens was lower than 5 mm so that they fitted into the
70 µl pans.
In a pre-study, it was observed that even at a temperature of 900 °C, the PEEK matrix
did not completely decompose in nitrogen atmosphere. Instead, a plateau was reached
at which the mass of the specimen remained constant. In contrast, a simultaneous
degradation of matrix and fibre until complete dissolution would be observed when
heated up to 900 °C in air atmosphere. During this process, it was neither possible
to determine the beginning of the fibre degradation nor to distinguish between the
degradation of matrix and fibre. Scanning electron microscope (SEM) examinations
of the specimen shortly before complete dissolution showed that matrix material still
surrounded the fibres due to the excellent thermal stability of PEEK.
As a result of this pre-study, the following procedure was used to determine the fi-
bre volume fractions of the underlying materials, and to examine their degradation
behaviour:
1. heating up to 900 °C with a rate of 20 °C/min in nitrogen atmosphere
2. holding the temperature for a time of 20 min in nitrogen atmosphere
3. cooling down to 400 °C with a rate of 10 °C/min in nitrogen atmosphere
4. switching to air atmosphere with/without holding time
5. heating up to 900 °C with a rate of 10 °C/min in air atmosphere
6. holding the temperature for a certain time in air atmosphere
In total, three specimens were analysed for each material. Their original specimen
mass was measured before TGA. The differences in the behaviour of the specimens
of one material were insignificant. Figure 4.5 shows the temperature T and the relative
mass 1 − χm over time t for one of the uCF-PEEK plate (upper left), uCF-PEEK rod
(upper right), and sCF-PEEK specimens (lower left). Furthermore, the characteristics
of one neat PEEK specimen (Victrex® PEEK 450G) during TGA are illustrated on the
lower right. The TGA of the neat PEEK material was needed for the characterisation
of the fibre volume fraction of the uCF-PEEK and sCF-PEEK materials.
In nitrogen atmosphere, the decomposition of the PEEK matrix could be divided into
two parts: (1) a region characterised by rapid degradation after reaching a temperature
of approximately 550 °C, and (2) a plateau region at which material degradation was
insignificant. These observations are in accordance with the findings of other authors
[51, 53, 58, 59, 187, 188]. The mass m900PEEK of the neat PEEK specimen at the plateau
region was determined ten minutes after first reaching the holding time at a temperature
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Figure 4.5.: TGA diagrams of a uCF-PEEK plate (upper left), uCF-PEEK rod (upper
right), sCF-PEEK (lower left), and neat PEEK specimen (lower right)
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of 900 °C. With this value, the relative mass change χmPEEK of the neat PEEK specimen
in nitrogen atmosphere was calculated by
χmPEEK =
mPEEK −m900PEEK
mPEEK
(4.7)
in which mPEEK is the mass of the neat PEEK specimen prior to TGA. The resultant
mass change was (46.60±0.57) % which is in good accordance with the findings of
others [51, 53, 58, 59, 62, 189]. Generally, processed CF-PEEK can have slightly
different thermal properties than unprocessed neat PEEK material. However, these
differences are typically negligible [51]. As a consequence, it was assumed that for
all analysed materials, the first plateau region corresponded to a matrix mass loss
of 46.60 %. After this plateau, any further decomposition occurred due to oxidation
processes caused by switching from nitrogen to air atmosphere during TGA.
By knowing the matrix mass loss at the plateau region, the matrix mass loss of the com-
posites determined by TGA could be extrapolated to 100 %. This value corresponds to
the mass mm of the matrix of the composites:
mm =
mFRP −m900FRP
χmPEEK
(4.8)
Here, mFRP is the mass of the composite specimens prior to TGA, and m900FRP is the
mass of the composite specimens at the plateau region ten minutes after first reach-
ing the holding time at a temperature of 900 °C. The fibre mass fraction ϕ was then
calculated by
ϕ = mf
mf +mm
= 1− mm
mFRP
(4.9)
in which mf is the mass of the fibres. The resulting fibre mass fraction was
(63.43±1.12) % for the uCF-PEEK plate, (66.63±0.12) % for the uCF-PEEK rod, and
(29.54±1.46) % for the sCF-PEEK material. The fibre mass fraction of the sCF-PEEK
material is in good accordance with the data from the manufacturer (cf. table 4.3) and
from other authors [54, 179].
Referring to table 4.1, the densities of fibre and matrix, which were determined by the
method of liquid displacement described in chapter 4.2.1, are known. Thus, the fibre
volume fraction ϕV could be calculated by [4]
ϕV =
1
1 + 1−ϕ
ϕ
ρf
ρm
. (4.10)
The resulting fibre volume fraction was (55.75±0.82) vol.-% for the uCF-PEEK plate,
(59.87±0.09) vol.-% for the uCF-PEEK rod, and (23.85±1.10) vol.-% for the sCF-
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PEEK material.
To check these values, another method to determine the fibre volume fraction is pre-
sented in the following. The fibre volume fraction ϕV can also be determined by reorder-
ing the rule of mixture expressed in the form to calculate the density of the composite
ρFRP [4]:
ρFRP = ϕV ρf + (1− ϕV )ρm (4.11)
As mentioned before, the densities of the matrices and fibres are known (cf. table 4.1).
In addition to that, the densities of the composites were determined in chapter 4.2.1.
Therefore, the fibre volume fractions were calculated with 57.82 vol.-% for the uCF-
PEEK plate material, 63.23 vol.-% for the uCF-PEEK rod material, and 24.08 vol.-% for
the sCF-PEEK material. Solving equation 4.10 for the fibre mass fraction ϕ resulted in
ϕ = ρfρm
ϕV
+ ρf − ρm . (4.12)
With this equation, the fibre mass fraction could be determined for the underlying ma-
terials. It was 65.37 % for the uCF-PEEK plate material, 69.71 % for the uCF-PEEK rod
material, and 29.80 % for the sCF-PEEK material.
A verification analysis was conducted for two sCF-PEEK specimens by using the
MaxRes-function during TGA. With this function, the heating rate was automatically
adjusted as a function of the mass change of the specimen [190]. By slowing down the
heating rate with this technique, the degradation of fibre and matrix could be success-
fully separated after the plateau region. By using the MaxRes-function, a similar fibre
mass fraction was obtained for the sCF-PEEK specimens compared to the fibre mass
fraction obtained by using the relative mass change χPEEKm of neat PEEK, as described
before.
The fibre volume and mass fractions obtained by using the mass density data of the
composites, and the fibre volume and mass fractions obtained by TGA were very sim-
ilar. Furthermore, the values are in good accordance with the data provided by the
manufacturers [179, 180, 191]. Table 4.3 summarises the data of the fibre volume and
mass fractions of the three materials and includes the data provided by the manufac-
turer.
After TGA and before complete decomposition of the specimens, information about
the fibre diameter and the fibre length was obtained by SEM examinations. Table
4.4 summarises the resulting length lsCF and diameter DsCF of the short CFs of the
sCF-PEEK specimens, and the diameter DuCF of endless CFs of the uCF-PEEK plate
specimens.
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Table 4.3.: Fibre mass ϕ and volume fraction ϕV of uCF-PEEK plate, uCF-PEEK rod,
and sCF-PEEK specimens
uCF-PEEK plate uCF-PEEK rod sCF-PEEK
ϕ in % ϕV in vol.-% ϕ in % ϕV in vol.-% ϕ in % ϕV in vol.-%
Liquid dis-
placement
65.37 57.82 69.71 63.23 29.80 24.08
TGA 63.42 55.75 66.63 59.87 29.54 23.85
Data from
manufac-
turer
n/a 60 [191] n/a 62 [180] 30
[54, 179]
n/a
Table 4.4.: Length l and diameter D of sCF and uCF
lsCF in µm DsCF in µm luCF in µm DuCF in µm
145.91 ± 19.81 7.52 ± 0.44 n/a 6.24 ± 0.50
Patel et al. inform about a short CF length of Victrex® 450CA30 of approximately
200 µm and a short CF diameter of this material of approximately 7 µm before pro-
cessing [51]. Dependent on the processing conditions used for the manufacturing of
the sCF-PEEK specimens, the fibre length can be reduced within the manufacturing
process. Under this consideration, the values found in the literature are in good accor-
dance with the values of this study.
4.2.5 Dynamic mechanical thermal analysis
Specimens were examined by dynamic mechanical thermal analysis (DMTA) to deter-
mine temperature dependent flexural stiffness properties. Additionally, the influence
of the fibre orientation on the stiffness properties of the sCF-PEEK specimens was
analysed.
For DMTA, specimens were tested by three point bending. A constant testing frequency
of 1 Hz was used for the analysis. During the three point bending test, the temperature
constantly increased by 2 °C/min from 20 °C to 300 °C. The testing machine Eplexor
100 N from Erich Netzsch GmbH & Co. Holding KG was used and the test was per-
formed in air atmosphere. In total, eight specimens with a length of 48 mm and a width
of 10 mm were examined: two uCF-PEEK plate specimens with their main extension in
fibre direction (uCF-0), two uCF-PEEK plate specimens with their main extension per-
pendicular to the fibre direction (uCF-90), two sCF-PEEK specimens with their main
extension parallel to the injection direction (sCF-0), and two sCF-PEEK specimens
with their main extension perpendicular to the injection direction (sCF-90). The thick-
ness of the sCF-PEEK specimens was 1.8 mm and of the uCF-PEEK plate specimens
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2 mm. No uCF-PEEK rod specimen could be studied by DMTA because the dimen-
sions were inappropriate. However, flexural properties of the uCF-PEEK rod material
can be assumed to be similar to the uCF-PEEK plate material. The bending storage
modulus E ′ and the bending loss factor tan δ of the uCF-0 and sCF-0 specimens over
the temperature T are illustrated in figure 4.6. In figure A.1 listed in appendix A.1, the
corresponding results of the uCF-90 and sCF-90 specimens are shown.
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Figure 4.6.: DMTA diagrams of uCF-PEEK plate specimens parallel to fibre direction
(left) and sCF-PEEK specimens parallel to injection direction (right)
Figure 4.6 shows that the bending storage modulus is rather constant up to a tem-
perature of 136 °C. The stiffness decrease of the uCF-0 specimens is rather linear.
Reasons for this are the high fibre volume fraction of the uCF-PEEK plate specimens,
and the fibre dominated stiffness properties in 0-direction. Increasing the temperature
mainly influences the mechanical properties of the PEEK matrix. The bending stor-
age modulus at room temperature was (110.43±1.60) GPa for the uCF-0 specimens,
(9.03±0.04) GPa for the uCF-90 specimens, (20.13±0.24) GPa for the sCF-0 speci-
mens, and (7.98±0.05) GPa for the sCF-90 specimens. As can be seen, not only for
the uCF-PEEK specimens but also for the sCF-PEEK specimens, stiffness properties
are dependent on the fibre orientation which results from the manufacturing process.
At a body temperature of 37 °C, the difference in bending stiffness is negligible for all
CF-PEEK specimens in comparison to their bending stiffness at room temperature.
However, if the pre-heating temperature of the inserts before overmoulding is signif-
icantly higher than the glass transition temperature, structural mechanical properties
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will be reduced. Therefore, careful handling of the pre-heated inserts is required.
4.2.6 Cooling characterisation
Investigating the decrease of temperature of the CF-PEEK material over time after pre-
heating was important to approximate the insert temperature just before overmoulding
(cf. chapter 4.2.8.3 and 4.5.1), and to determine the temperature distribution of the
insert surface. For the achievement of a cohesive interface, a homogeneous temper-
ature distribution is favourable so that a homogeneous melting of the insert surface
can occur. Additionally, on-line temperature control is beneficial for quality assurance.
However, due to limited space in and around the moulds, it was not possible to measure
the temperature on-line in the process which motived the studies listed in the following.
The temperature T was recorded over time t with the infrared (IR) camera thermoIM-
AGER TIM 450 from Micro-Epsilon Messtechnik GmbH & Co. KG. The specimens
were heated in the convection oven TR 120 from Nabertherm GmbH. After heating,
they were rapidly placed on a wooden support close to the oven to start the measure-
ment of the temperature decrease with the IR camera. It was assumed that the support
had a minor influence on the cooling characteristics of the specimens. The temperature
was recorded by the IR camera under an angle of 20° to avoid heat ray reflection. Two
specimens were analysed: (1) a specimen called plate with the dimensions of 80 mm×
80 mm × 2 mm (l × w × d) representing the overmoulded uCF-PEEK plate of the com-
pression shear test described in chapter 4.2.8.1, and (2) a uCF-PEEK plate specimen
called insert with the dimensions of 68 mm × 3 mm × 2 mm (l × w × d) representing
the insert of the cylinder pull-out specimen described in chapter 4.2.8.3 and of the hy-
brid composite pedicle screw. Due to restricted availability, limited stock, and high cost
of uCF-PEEK rod inserts, the uCF-PEEK plate material with similar dimensions was
used for the representation of the uCF-PEEK rod material in this analysis.
In a first study, the absolute temperature of the specimens at a specific time was de-
termined. For this study, an emission tape from Testo SE & Co. KGaA was bonded
to the uCF-PEEK plate. The temperatures of tape and plate were measured with the
IR camera and compared. Specimens were heated in the oven with a temperature of
280 °C. The relation between the real absolute temperature Tabs of the tape and the
temperature T measured with the IR camera on the uCF-PEEK plate yields the linear
equation
Tabs = 1.10 T − 1.84 ◦C (4.13)
of the form y = mx + n. With this expression, the real absolute temperature of the
uCF-PEEK specimens could be determined.
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In a second study, the absolute specimen temperature was compared with the oven
target temperature which was 300 °C in this study. After ten minutes, the absolute
uCF-PEEK plate temperature inside the oven showed no significant changes anymore.
Thus, a pre-heating time of ten minutes will be required for insert pre-heating if this
oven is used. The heating characteristics of the specimens are dependent on the type
of oven used, the position in the oven, and the target temperature.
For uCF-PEEK plate and insert, the temperatures at two spots were measured simul-
taneously. At the first spot, the temperature was measured in the middle of the largest
surface of the plate and insert. At the second spot, the temperature was measured
at one corner of the plate, and at one edge of the insert. Certainly, the measurement
start temperature T0 was lower than the oven temperature of 300 °C, because the spec-
imens cooled from the instance of opening the oven at the time t = t0 − ttransfer until
the measurement start at t0. The variable ttransfer describes the time in between the
instance of opening the oven and the start of the measurement.
Figure 4.7 shows the temperature-time diagram of the uCF-PEEK plate and insert.
The solid and dashed curves show the absolute temperature Tabs over time t for the
measurement spot at the middle and at the corner/edge of each specimen. Due to a
smaller mass to surface ratio of the insert, the uCF-PEEK insert cooled faster than the
uCF-PEEK plate, as expected. After ten seconds, the plate temperature decreased by
approximately 15 °C which corresponds to 7 % of the measurement start temperature
T0. In contrast, the insert temperature was approximately 45 °C or 20 % lower than
the measurement start temperature at this time. Further studies have shown that with
higher measurement start temperatures, the difference to the temperature after ten
seconds was even higher.
Cooling was significantly faster at the corner of the uCF-PEEK plate compared to cool-
ing in its middle. For the insert, the difference between the cooling characteristics at
its edge and in its middle was insignificant. The temperature distribution was more
homogeneous which is beneficial for controlling the overmoulding process.
To study the influence of forced convection during insert transfer from the oven to the
mould, a ventilator was placed next to the IR camera. In addition to that, the influence
of a heated aluminium support was analysed which was used during transport of the
hot uCF-PEEK specimens from the mould to the IR camera and during their exami-
nation. The support was heated in the oven together with the specimens. Due to the
relatively high specific heat capacity of 900 J/(kg K) and the thermal conductivity of
125 W/(m K) of aluminium4, thermal energy could be transferred to the specimens to
4https://www.thyssenkrupp-materials.ch/de/downloads/werkstoffdatenblaetter-aluminium; aluminium al-
loy EN AW - 5083 (3.3547); accessed 16 January 2020
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Figure 4.7.: Temperature-time diagram of insert and plate at the measuring spots in the
middle and at the edge/corner
decrease their cooling. The relative temperature loss χT of the uCF-PEEK inserts be-
tween the measurement start temperature T0 and the temperature T10 after ten seconds
was calculated with
χT = T0 − T10
T0
, (4.14)
and was studied for different combinations:
• forced convection and no hot support: χT = 33 %
• free convection and no hot support: χT = 20 %
• forced convection and hot support: χT = 14 %
• free convection and hot support: χT = 7 %
This study shows that the insert temperature prior to overmoulding is dependent on the
specimen pre-heating temperature, the transfer time, and the transfer condition. Fur-
thermore, the uCF-PEEK plate showed a similar cooling behaviour compared to the
uCF-PEEK insert. However, the relative temperature loss of the plate was lower than
the one for the insert. This study also shows that the temperature loss of the insert
will be significantly increased if the inserts are subjected to forced convection and if no
hot support is used for their transport from the oven to the mould. Therefore, forced
convection should be avoided during transport of the hot inserts within the overmould-
ing manufacturing process, and the hot inserts should be transported on or preferably
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in a heated support. To additionally keep the temperature loss of the inserts between
opening of the oven and start of injection sufficiently low, transfer has to be fast.
4.2.7 Thermal expansion analysis
Due to thermal contraction, the hot overmoulded material can shrink onto the insert
surface during cooling, and interface strength can be promoted, especially in the case
of adhesive interface formation. For the analysis of thermal contraction, measurements
of the coefficient of thermal expansion (CTE) were conducted by thermal mechanical
analysis (TMA) with the instrument TMA/SDTA 2+ from Mettler-Toledo GmbH. Three
uCF-PEEK plate specimens were used for the determination of the CTE αT11 in longitu-
dinal fibre direction, and three more specimens for the determination of the CTEs αT22
and αT33 in transverse fibre direction. A differentiation between longitudinal and trans-
verse fibre direction was also made for the sCF-PEEK material. Injection moulded
sCF-PEEK screws without insert were cut perpendicularly to their axis so that these
specimens, showing preferable dimensions, could be used for the determination of the
longitudinal CTE of the sCF-PEEK material. Additionally, specimens taken from injec-
tion moulded plates were used for the determination of the transverse CTE of the sCF-
PEEK material. Due to the fact that the exact fibre distributions of injection moulded
parts are complex and typically unknown, isotropic thermal expansion behaviour of
the sCF-PEEK material was assumed for the simulation described in chapter 4.2.8.3.
Thus, the average of the longitudinal and transverse CTE of the sCF-PEEK material
was determined.
Typically, the material data sheets from the manufacturers inform about the CTEs only
below and above the glass transition temperature. In contrast, several temperature
intervals were defined for the CTE data in this study so that simulation accuracy could
be improved. Table 4.5 informs about the CTE data of the uCF-PEEK and sCF-PEEK
material.
Table 4.5.: CTE data of uCF-PEEK and sCF-PEEK specimens
uCF-PEEK sCF-PEEK
Temperature
in °C
αT11 in
10−6 K−1
αT22 in
10−6 K−1
αT33 in
10−6 K−1
Temperature
in °C
αT in
10−6 K−1
23 to 145 -0.17 27.01 27.01 23 to 120 36.61
145 to 160 -2.64 -5.63 -5.63 120 to 160 36.21
>160 0.77 101.19 101.19 160 to 200 81.46
200 to 230 105.76
>230 155.20
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4.2.8 Adherence tests
To evaluate the strength of the interface between a uCF-PEEK insert and sCF-PEEK
overmoulding material, different standard adherence test methods were initially com-
pared. The compression shear test is described in the following. As mentioned in
chapter 2.3.2.5, the compression shear test is also used in [158] for interface char-
acterisation. However, due to several disadvantages of this adherence test, interface
characterisation was also conducted with SLS specimens. With the specific specimen
preparation for SLS tests, interface strength between the insert and the overmould
could be significantly improved. Interface strength was so high that the sCF-PEEK ad-
herend failed earlier than the interface. Consequently, interface strength could not be
determined with this test. Therefore, a novel test body was developed which is ideal for
interface characterisation of overmoulded structures. This cylinder pull-out specimen
was invented at the Institut für Verbundwerkstoffe GmbH within this work, and was
registered with a utility patent (cf. chapter 4.2.8.3).
As mentioned in chapter 2.3.1, there are two possibilities to describe the interface:
1. If the heat transfer from the molten mass to the insert is insufficient to melt the
insert surface, an adhesive interface will be formed.
2. If the heat transfer from the molten mass to the insert is sufficient to melt the
insert surface, and close contact between insert and molten mass is ensured for
a sufficiently long time, a cohesive interface will be formed.
4.2.8.1 Compression shear test
The first test which was used to determine the interface strength between a uCF-PEEK
insert and sCF-PEEK overmould was the compression shear test. In contrast to the
tension shear test [192], the compression shear test has the advantage of a more
favourable stress distribution [193] because the compression stiffnesses of the two
materials were more similar than their corresponding tension stiffnesses. To promote
the formation of a sufficiently strong interface, the inserts were pre-heated.
To characterise the contribution of micromechanical interlocking between a uCF-PEEK
plate insert and sCF-PEEK overmould, a confocal topography measurement was con-
ducted. Additionally, contact angle measurements were performed prior to compres-
sion shear testing to evaluate the surface energy of the uCF-PEEK plate insert.
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Confocal topography measurement
If two specimens are in close contact with each other, micromechanical interlocking will
be one mechanism which contributes to interface strength. To evaluate the interlocking
capability between a uCF-PEEK plate insert and sCF-PEEK overmould, the surface
roughness of the insert with dimensions of 80 mm × 79.5 mm × 2 mm (l × w × d) was
optically measured with a confocal topography measurement system from NanoFo-
cus AG at the Institute for Measurement and Sensor Technology at the Kaiserslautern
University of Technology.
In a first study, the specimens were cleaned with isopropanol, and the topography was
analysed by using two different measuring lengths in the centre both at the front and the
back of the specimen, and in each corner at the front. The positions of the measuring
lengths in the centre of the specimen were slightly different to avoid measuring at
the same spot. The measured lengths were orthogonal to the fibre orientation of the
uCF-PEEK plate. The mean roughness values of the uCF-PEEK plate specimen Ra
(roughness average), Rp (maximum profile peak height) and Rz (average maximum
height of profile) were (1.34±0.56) µm, (3.21±0.91) µm and (10.18±3.88) µm.
To illustrate the surface topography, figure 4.8 shows two SEM images of the uCF-
PEEK plate surface. The images were taken with a cathode voltage of 20 kV. The
SEM images indicate that small cavities exist on the surface. Furthermore, the fibre
orientation is visible due to the high fibre volume fraction.
20 kV 500 µm 100 µm20 kV
cavities
fibre orientation
Figure 4.8.: SEM image of the surface of a uCF-PEEK plate specimen
In a second study, a uCF-PEEK plate was heated in an oven at 250 °C for about one
hour to examine the influence of a pre-heating process step on the surface rough-
ness. This pre-heating temperature is well above the glass transition temperature of
the PEEK matrix but still far below its melting temperature. After cooling of the plate, the
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same procedure as described before was used for measuring its surface roughness.
The roughness values Ra, Rp, and Rz of the pre-heated uCF-PEEK plate were not sig-
nificantly different from the corresponding values of the non-heated plate. Therefore,
with a pre-heating temperature of 250 °C only micromotions of molecular chains of the
PEEK matrix were relevant so that the surface topography of the uCF-PEEK insert was
not significantly changed.
Contact angle measurement
The surface energy of the specimens influences the adhesion strength of the inter-
face. To evaluate the surface energy of the uCF-PEEK plate, a contact angle mea-
surement [138, 194] was performed with two liquids: (1) distilled water5 (H2O) and
(2) diiodomethane6 (CH2I2). Figure 4.9 illustrates the shapes of a distilled water drop
(left) and a diiodomethane drop (middle) on the surface of the uCF-PEEK plate. More
than five drops were analysed for each liquid.
௟௩
௦௩ ௦௟
distilled water
diiodomethane
pipette
substrate
1 mm
Figure 4.9.: Drop of distilled water (left) and diiodomethane (middle) used for contact
angle measurements on the uCF-PEEK plate surface, and geometric de-
pendence of surface energies (right)
The surface energy γsv of a solid (s) in atmosphere (v) is defined by the sum of its
polar (p) and disperse (d) component γpsv and γdsv. It can also be expressed by the
Young-equation [39, 139]:
γsv = γsl + γlv cos Θ (4.15)
Here, the interface energy between a solid and a liquid (l) is described by γsl, the
surface energy of the liquid in atmosphere by γlv, and the contact angle by Θ (cf. figure
4.9 right). The interface energy γsl can be described by the sum of the surface energies
γsv and γlv of the solid and liquid phases decreased by the double of the sum of the
5surface energy γlv of 72.8 mN/m with a polar component γ
p
lv of 51.0 mN/m and a disperse component
γdlv of 21.8 mN/m [36, 194]
6surface energy γlv of 50.8 mN/m with a polar component γ
p
lv of 0 mN/m and a disperse component γ
d
lv
of 50.8 mN/m [194]
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geometrical means of the disperse and polar components of the phases:
γsl = γsv + γlv − 2
(√
γdsvγ
d
lv +
√
γpsvγ
p
lv
)
(4.16)
Reordering equation 4.15 for γsl and using it in equation 4.16 yields the linear equation
γlv
2
√
γdlv
(1 + cos Θ) =
√
γpsv
√
γplv√
γdlv
+
√
γdsv (4.17)
of the form y = mx+ n [35].
By contact angle measurements, the surface energy of the uCF-PEEK plate was deter-
mined with 46.6 mN/m. No significant difference was found for a pre-heated specimen
subjected to 250 °C for one hour. Other authors have shown that the surface energy of
neat PEEK was approximately 34 mN/m [35, 36]. In addition to that, a plasma activated
neat PEEK surface, which promotes adhesion, showed a surface energy of more than
70 mN/m [35, 36]. Also for this study, plasma pre-treatment of the composite inserts
could beneficially increase surface energy and adhesion capabilities. However, it was
not considered at this stage because the question if adhesive or cohesive interface
formation is required to achieve sufficient interface strength has not been answered
yet. This study shows that the adhesion capability of uCF-PEEK is poor so that the
formation of an adhesive interface with sufficient interface strength is difficult.
Test procedure
Five uCF-PEEK plate specimens with the dimensions of 80 mm × 79.5 mm × 2 mm
(l × w × d) were used as inserts for overmoulding. The width of the specimens was
orthogonal to the fibre direction and considered the thermal expansion of the spec-
imens (cf. chapter 4.2.7) due to pre-heating so that they fitted into the mould of the
injection moulding machine Arburg 320 S Allrounder 500-150. The mould dimensions
were 80 mm × 80 mm × 4 mm (l × w × d) so that the insert volume filled half of the
volume of the mould cavity. The specimens were cleaned with isopropanol prior to
overmoulding.
The convection ovens used for insert pre-heating were placed close to the injection
moulding machine to keep the transfer time and the temperature loss of the pre-heated
inserts low (cf. chapter 4.2.6). Two uCF-PEEK plates at room temperature and three
pre-heated uCF-PEEK plates were overmoulded with sCF-PEEK after manual transfer.
Considering the pre-heating temperature of the convection ovens, the transfer times,
and transfer conditions of the inserts, the pre-heated inserts had a temperature of
approximately 170 °C just before overmoulding. The overmoulding was conducted with
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a temperature of the molten mass of 395 °C and a mould temperature of 200 °C. The
mould temperature was chosen that high to prevent further heat loss of the pre-heated
inserts due to conduction. After overmoulding, the specimens were prepared for testing
according to ASTM D 695 [195] and ASTM D 3846 [196].
Figure 4.10 illustrates the geometry of the compression shear test specimens on the
right. The hybrid plates composed of insert and overmould were cut into specimens
with a width of 12.7 mm. A hand milling tool was used to mill the two required grooves
into the specimens. It was ensured that the depth of the grooves was just higher
(approximately 0.3 mm) than the thickness of the corresponding adherend. Otherwise,
the compression strength of the adherend and not the strength of the interface was
tested [197]. The end faces of the compression shear test specimens were ground
parallel and plane to enable a homogeneous load introduction.
The compression shear tests were conducted with a Hydropuls Längszylinder PL 10
kN from Instron Structural Testing Systems GmbH. The testing speed was 1 mm/min
and the tests were performed at room temperature. In accordance with the standards,
the specimens were not clamped by the testing machine. Two small metallic supports
with a slightly bigger thickness compared to the specimens were aligned by an in-house
developed positioning tool and clamped by the testing machine. For the compression
shear test, the specimens were placed onto these supports so that the specimens
were in contact with the support but not with the clamps of the testing machine. Con-
sequently, the compression force was only applied at the end faces of the specimens
and not simultaneously at the side faces. In accordance with the standards [195, 196],
a buckling support was used for the compression shear test to prevent buckling of the
specimen. The test set-up is shown in figure 4.10 on the left.
Several specimens have already failed during the preparation steps so that no statis-
tically relevant results about the interface strength could be achieved by compression
shear testing. The interface strength between the uCF-PEEK insert and the sCF-PEEK
overmould was insufficiently low. The main potentials for improvement refer to:
• Curvature: After overmoulding, the hybrid plates showed a curvature which was
the result of thermal stresses that arose during cooling. A reason for this cur-
vature lies in the different thermal contraction of the uCF-PEEK plate and sCF-
PEEK materials due to different CTEs (cf. chapter 4.2.7).
• Pre-stresses: Due to the curvature of the specimens, the interface was pre-
stressed during the clamping process, which was needed for cutting the speci-
mens and milling the grooves, and during the installation of the buckling support
prior to testing. Additionally, many preparation steps, such as cutting or milling,
were required to conduct the compression shear test. These preparation steps
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support
lower clamp
upper clamp
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Figure 4.10.: Compression shear test set-up (left) and specimen geometry (right)
contributed to interface weakening, e. g. due to induced vibrations.
• Plane and parallel specimen end faces: The end faces of the specimens had
to be plane and parallel to achieve valid test results. However, excellent planarity
and parallelism were difficult to achieve.
• Cooling: The pre-heated inserts rapidly cooled down between opening the oven
and start of overmoulding. As mentioned in chapter 4.2.6, it is important to ensure
fast insert transfer, and to provide a hot support to decrease cooling.
• Adhesive interface: Insert pre-heating temperatures of approximately 170 °C
just before overmoulding were not sufficient to achieve adequate interface
strengths. An adhesive interface was formed. It is assumed that by the reali-
sation of a cohesive interface, higher interface strengths can be achieved. The
surface temperature of the insert has to be close to the melting temperature of
the PEEK matrix to enable insert surface melting, and the formation of a cohe-
sive interface. However, form stability of the insert has to be maintained during
transfer particularly under the consideration of the material stiffness reduction at
these high temperatures (cf. chapter 4.2.5).
• Low matrix content: The uCF-PEEK plate had a fixed fibre volume fraction of
about 60 vol.-%. Thus, only little matrix material was located at the insert surface.
If a cohesive interface is to be established, the molten mass will only form a
cohesive interface with the matrix material of the insert. Therefore, increasing the
matrix content of the insert would contribute to higher cohesive interface strength
but would disadvantageously decrease the structural mechanical properties of
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the hybrid composite pedicle screw. Only few biocompatible semi-finished uCF-
PEEK products are available on the market. The biocompatible uCF-PEEK rods,
required for the manufacturing of the hybrid composite pedicle screw, could only
be bought from Invibio Ltd. with a fixed fibre volume fraction of 60 vol.-% so that
this parameter could not be changed.
Examination of the smooth failure surface of the specimens confirmed that adhesive
failure occurred. Compared to the temperature of the molten mass, the insert surface
temperature was too low. Consequently, a solidified skin layer of the molten mass
could be provoked which prevented the penetration of the molten mass into the mi-
croroughness of the insert surface. As a consequence, micromechanical interlocking
between uCF-PEEK plate insert and sCF-PEEK overmould was insufficient and did not
significantly contribute to interface strength.
Contact angle measurements have shown that the surface energy of the uCF-PEEK
plate insert is low so that its adhesion capability is poor. Low surface energy can further
be a reason for poor wettability of the insert surface by the molten mass, and for poor
molecular interaction between insert and overmould.
Due to insert pre-heating, less heat has to be transferred from the molten mass to the
insert to achieve the melting of the insert surface so that cohesive interface formation
can occur. However, the heat transfer from the molten mass to the insert surface was
insufficient to form a cohesive interface in this case. This study underlines the necessity
of the formation of a cohesive interface between the uCF-PEEK insert and the sCF-
PEEK overmould material so that sufficient interface strength can be achieved. The
insert temperature has to be above a certain threshold so that heat transfer from the
molten mass is sufficient to melt the insert surface. With sufficient time in this melting
state, interdiffusion of molecules of the PEEK matrices can occur, and the formation
of a cohesive interface can take place. In addition to that, different test methods with
less specimen preparation steps are required to successfully characterise interface
strength.
Despite of the fact that the compression shear test specimens showed insufficient inter-
face strength, several parameters, which influence interface strength, could be deter-
mined with this study. Figure 4.11 summarises these parameters, and their interdepen-
dencies. The know-how gained with this first adherence test was used for additional
tests and improvements.
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Figure 4.11.: Parameters, which influence the interface strength, and their interdepen-
dence
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4.2.8.2 Single lap shear test
For the manufacturing of the SLS specimens, uCF-PEEK plate inserts with the dimen-
sions of 100 mm × 25 mm × 2 mm (l × w × d) were overmoulded with sCF-PEEK
material. Half of the inserts were surface ground with abrasive paper P120 at the
overmould area to increase surface roughness, and all inserts were cleaned with iso-
propanol prior to overmoulding. The overmoulding region of the insert had a length of
12.5 mm and a width of 25 mm. Only this region was heated above 300 °C with the
heating plate IKA C-MAG HP. At this temperature, partial melting and recrystallisa-
tion of the PEEK matrix can already occur [55], and structural mechanical properties
are low (cf. chapter 4.2.5). However, insert handling was still possible because only
the overlap region was pre-heated. Nevertheless, careful handling of the hot inserts
during transfer was required. In addition to that, transfer times were below ten sec-
onds so that cooling of the pre-heated insert region was low. As a consequence, the
insert temperature just before overmoulding was more than 260 °C. In this study, the
sCF-PEEK material Akrotek PEEK CF30 from Akro-Plastic GmbH with a fibre mass
fraction of 30 % [198] was used for overmoulding. This material is similar to Victrex®
PEEK 450CA30 from Victrex plc. The overmoulding procedure was conducted with
the injection moulding machine Sumitomo (SHI) DEMAG Systec 100-310. The result-
ing sCF-PEEK overmould adherend had a thickness of 4 mm, a width of 25 mm, and a
length of 100 mm. After the overmoulding process, aluminium cap strips were applied
to the specimens to decrease the bending moments during the SLS tests. The SLS
specimen is shown in figure 4.12.
100 mm
25 mm
4 mm2 mm
12.5 mmuCF-PEEK insert sCF-PEEK overmould
a: aluminium cap strips
a
a
Figure 4.12.: SLS specimen
The tests were conducted in tension with the testing machine Hydropuls Längszylin-
der PL 10 kN from Instron Structural Testing Systems GmbH with a testing speed of
1 mm/min, and at room temperature. Figure 4.13 shows the stress-strain diagram of
the SLS specimens. The term SLS - rough represents specimens with partial surface
grinding, as described before.
No significant differences in the stress-strain characteristics between SLS specimens
with a smooth and a rough overlap region could be observed. Specimen failure oc-
curred at the sCF-PEEK adherends close to the edge of the overlap region. In this
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Figure 4.13.: Stress-strain diagram of SLS specimens
area, stress concentrations were located which contributed to this failure mechanism.
Complete fracture at the interface was not observed. The stress values illustrated in
figure 4.13 were obtained by dividing the force values by the cross-section of the sCF-
PEEK adherends. With a thicker sCF-PEEK adherend or a smaller overlap region,
interface failure could have been achieved. However, the mould design could not be
changed for this study.
Several polished sections of the interface after testing were examined. Four exemplify-
ing polished sections are shown in figure 4.14.
The upper left image shows no distinct visible border between the sCF-PEEK and uCF-
PEEK material. In the case of insert surface melting, matrix accumulations and fibre
reorientations can emerge at the interface (cf. upper right). However, these phenomena
were not critical in this case, because the regions in which matrix accumulation or fibre
reorientation occurred were very limited. Although interface failure was not the final fail-
ure mechanism of the SLS specimens, local interface cracks developed. The lower left
image shows a local crack along the interface. The crack path indicates that both adhe-
sive and cohesive failure mechanisms occurred at this location. Cohesive cracks can
also be seen in the lower right image. In this case, the interface strength between the
uCF-PEEK plate insert and the sCF-PEEK overmould exceeded the inter-fibre strength
of the uCF-PEEK plate component. These findings indicate the successful formation
of a cohesive interface. For cohesive interfaces, surface roughness plays a minor role.
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cohesive failure
cohesive failure
adhesive failure
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Figure 4.14.: Polished sections of the interface after SLS testing: interface detail (upper
left), matrix accumulation at the interface (upper right), adhesive and co-
hesive failure mechanisms (lower left), and cohesive cracks (lower right)
The SLS adherence test shows that with a pre-heating temperature of more than
260 °C just before overmoulding a cohesive interface between uCF-PEEK plate and
sCF-PEEK material could be established. A cohesive interface contributed to higher
interface strengths than an adhesive interface (cf. chapter 4.2.8.1). However, sCF-
PEEK adherend tensile failure was observed during the SLS tests due to specimen
geometry and stress concentrations at the edge of the overlap so that no information
about interface shear strength could be achieved. Therefore, the SLS test was not ap-
propriate for interface strength characterisation. Consequently, research on a suitable
specimen for interface strength characterisation was conducted.
4.2.8.3 Cylinder pull-out test
To account for the hybrid composite pedicle screw design and to investigate the in-
terface strength between uCF-PEEK and sCF-PEEK material, a novel cylinder pull-
out specimen was developed. Within this work, the utility patent DE202019102255.8
was registered for this specimen. Following the hybrid composite screw structure, the
cylinder pull-out specimen consisted of a uCF-PEEK rod insert which was cylindrically
overmoulded with sCF-PEEK material. Compared to the compression shear or SLS
specimens, this cylinder pull-out specimen showed distinct advantages, such as no
negative influences of specimen preparation on the interface, easy manufacturability,
low rework, low material cost, and a simple test set-up. In addition to that, the mould
costs were kept low due to the simple geometry of the cylinder pull-out specimen.
An FE model was built up in Abaqus to ensure that with a certain cylinder diameter no
significant disturbing edge effects influence the interface strength even at a theoretical
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pull-out force of 10 kN. These edge effects are a result of the compression stress due
to pull-out loads at the region of the cylinder which is in contact with the steel support.
The bigger the cylinder diameter is, the lower is the influence of these edge effects on
the interface. The cylinder diameter was defined with 14.5 mm so that a proper load
introduction into the specimen during the pull-out test was ensured as well. Under the
consideration of the maximum injection volume of the injection moulding machine, the
overmoulding length was maximised to 34 mm. Approximately five times more material
was injected for the cylinder compared to the injected volume of the hybrid composite
pedicle screw. Figure 4.15 shows the cylinder pull-out test set-up on the left and the
geometry of the cylinder pull-out specimen on the right.
pull-out jig
specimen
clamp
2
32
34
90
13
Figure 4.15.: Cylinder pull-out test set-up (left) and specimen geometry (right)
Ten uCF-PEEK rod inserts with a diameter of 2.5 mm were overmoulded with sCF-
PEEK and tested in a special pull-out testing jig. The injection moulding machine
Babyplast type 6/10 PT was used for manufacturing. During the overmoulding process,
the mould temperature was 215 °C. With the underlying mould design, the molten sCF-
PEEK material with a temperature of 400 °C hit the insert perpendicularly and flowed
along the longitudinal axis of the insert during injection. This mould design was re-
alised because of economic aspects. However, the composite inserts could slightly
bend during overmoulding due to the high injection pressure of the molten mass, and
a significant distance from the injection point to the insert fixation points in the mould.
The number of specimens, which could be produced, was limited because only a cer-
tain number of uCF-PEEK rods could be purchased from the manufacturer. With the
available uCF-PEEK rods, both the cylinder pull-out specimens and the hybrid com-
posite pedicle screws had to be manufactured.
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Prior to overmoulding, the inserts were pushed through small perforated metal jigs
which were fixed in the mould. These jigs ensured a proper fixation of the inserts during
overmoulding. The outer diameter of the inserts needed to be within a small tolerance
range so that a proper fixation of the inserts in the injection moulding machine could
be realised. If the insert diameter was out of tolerance, the insert would either not fit
through the hole of the jigs, or it would be pushed out of place by the injection pressure.
Besides a correct insert diameter, a minimum insert length of 100 mm was required to
ensure an appropriate fixation in the injection moulding machine. After turning and
cutting of the uCF-PEEK rod inserts and after the injection process, two flat faces were
ground at the lower ends of the inserts to facilitate clamping in the testing machine.
Five out of ten uCF-PEEK rod inserts were not pre-heated prior to overmoulding. The
other five inserts were heated up to 290 °C in the convection oven Heraeus RL 200 af-
ter cleaning with isopropanol. Trials have shown that the target temperature of this oven
was close to the actual temperature of the inserts. A pre-heating temperature of 290 °C
of the entire insert decreased the required heat which has to be transferred from the
molten mass to the insert to form a cohesive interface, while sufficient form stability dur-
ing insert transfer to the injection moulding machine was ensured. Nevertheless, the
stiffness properties of the uCF-PEEK rod inserts were significantly reduced at 290 °C
(cf. chapter 4.2.5) so that careful handling of the inserts during transfer was required
to prevent insert damage. Several inserts were pre-heated simultaneously to keep the
time in between the injections low and to prevent degradation of the sCF-PEEK mate-
rial. As a result of the study of the cooling characteristics described in chapter 4.2.6, a
heated metal cask was used for the manual transport of the pre-heated inserts to the
injection moulding machine to decrease cooling, and to prevent the specimens from
forced convection. Transfer times were kept lower than ten seconds so that the tem-
perature of the inserts just before overmoulding was higher than 260 °C. This value was
calculated on the basis of the results of chapter 4.2.6. After overmoulding, the cylin-
der pull-out specimens were demoulded by ejector pins, and sprue and runner were
manually cut off. No other steps were required to prepare the specimens for testing.
The tests were conducted with the testing machine Hydropuls Längszylinder PL 10 kN
from Instron Structural Testing Systems GmbH. The testing speed was 0.5 mm/min,
and the tests were performed at room temperature. In figure 4.16, the results of the
cylinder pull-out specimens with non-heated uCF-PEEK rod inserts are shown on the
left and with pre-heated uCF-PEEK rod inserts on the right. The force values F are
plotted after the running-in regions of the pull-out tests against the pull-out displace-
ments u.
The specimens with pre-heated uCF-PEEK inserts showed significantly higher maxi-
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Figure 4.16.: Force-displacement diagrams of cylinder pull-out specimens with non-
heated uCF-PEEK inserts (left) and pre-heated uCF-PEEK inserts (right)
mum pull-out forces than the specimens with non-heated inserts. First failure of the
specimens was characterised by a sudden force drop. Afterwards, the forces further
increased to their maximum at which total failure of the specimens occurred. This in-
crease in force after first failure can be explained by the slight insert curvature which is
a result of injection position, as described before. Additionally, thermal contraction can
lead to a strong locking between uCF-PEEK rod insert and sCF-PEEK overmould. The
forces at first failure, and the maximum forces for each specimen are listed in table 4.6.
The interface strength between the uCF-PEEK rod insert and the sCF-PEEK over-
mould is highly dependent on the insert temperature. Three significant heat fluxes can
be identified which influence interface strength: (1) cooling of the pre-heated inserts
during transfer from the oven to the injection moulding machine, (2) heating of the non-
heated inserts and cooling of the pre-heated inserts after contact with the mould, and
(3) heating of the inserts by the molten mass. Because of significant differences in
the interface strength between specimens with non-heated and pre-heated uCF-PEEK
inserts, it is assumed that the heat transfer from the molten mass to the non-heated
uCF-PEEK inserts was insufficient to form a cohesive interface. Any further increase of
the temperature of the molten mass would promote the formation of a cohesive inter-
face also at lower pre-heating temperatures. However, the sCF-PEEK material would
degrade rapidly (cf. chapter 4.2.4). Under the assumption of the formation of an adhe-
sive interface for the specimens with non-heated uCF-PEEK inserts, surface roughness
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Table 4.6.: Force F at first failure and maximum force Fˆ of cylinder pull-out specimens
Specimen F at first failure in N Fˆ in N
Non-heated insert 1 1044 1876 a)
Non-heated insert 2 877 877
Non-heated insert 3 1348 1348
Non-heated insert 4 1216 1524 a)
Non-heated insert 5 958 958
Mean 1089 ± 172 1318 ± 369
Pre-heated insert 1 2237 2318
Pre-heated insert 2 2077 2221
Pre-heated insert 3 1761 2049 a)
Pre-heated insert 4 1524 1524
Pre-heated insert 5 1681 2010
Mean 1856 ± 262 2024 ± 274
a) pull-out force exceeded clamping force
linked to micromechanical interlocking and thermal contraction of the overmould can
significantly contribute to interface strength.
The shear stress at first failure was used to characterise and compare the interface
strength of the different cylinder pull-out specimens. An FE model was built up in
Abaqus in which a tie constraint7 was assumed between insert and overmould to rep-
resent sufficient interface strength. The mean forces at first failure of the specimens
with non-heated and pre-heated uCF-PEEK rod inserts were used for the pull-out loads
in the FE model. The results showed that the region of highest shear stress was lo-
cated in the lower part of the cylinder close to the interface (cf. figure 4.17). The shear
stress at first failure of the specimens with pre-heated uCF-PEEK rod inserts was ap-
proximately 64 MPa which was 73 % higher than the average shear stress at first failure
of approximately 37 MPa of the specimens with non-heated uCF-PEEK inserts.
Thermal contraction
Two FE models were built up in Abaqus to compare the contact pressures on the
uCF-PEEK rod due to thermal contraction at different insert pre-heating temperatures:
(1) the cylinder pull-out specimen (cf. figure 4.15), and (2) the hybrid composite pedicle
screw. For this study, the linear elastic material data was extended by the CTE data
shown in table 4.5. Under the assumption of an adhesive interface, the interaction
7translational and rotational DOFs are equal for a pair of surfaces
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Figure 4.17.: Shear stress distribution of the cylinder pull-out specimen with pre-heated
uCF-PEEK rod insert
between insert and overmould was approximated with a friction coefficient of 0.28.
For this FE analysis, no pull-out load was modelled but the thermal conditions of the
manufacturing process were implemented.
Considering the scenario of a uCF-PEEK rod insert at room temperature, a contact
pressure of about 348 MPa was achieved due to thermal contraction of the hot over-
mould and linear elastic material properties. The contact pressure on the insert was
highest in the middle of the overmoulded region and slightly decreased towards its
edges. It slightly decreased in the interval of insert temperatures from 23 °C to 100 °C,
slightly increased in the interval from 100 °C to 160 °C where it reached its maximum
of 353 MPa, and decreased to 142 MPa in the interval from 160 °C to 290 °C.
In addition to the finite element analysis (FEA) of the cylinder pull-out specimen, the
hybrid composite pedicle screw was analysed. The same behaviour as for the cylinder
pull-out specimen was observed while insignificantly higher maximum contact pres-
sures for different insert pre-heating temperatures were achieved due to a different
geometry. However, contact pressure was not as evenly distributed as in the case of
the cylinder pull-out specimen. The contact areas below thread peaks showed higher
contact pressures than the areas below thread valleys. This observation emphasises
that the contact pressure is highly sensitive on the volume and the location of the over-
moulded material. Dependent on the material distribution local variations in contact
8This value will often be used as a standard value to model friction interaction especially if no exact
friction data is available. A friction coefficient of 0.2 was also used in [111, 121, 199].
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stress arise. Despite of the fact that approximately five times more material was in-
jected for the cylinder pull-out specimen compared to the hybrid composite screw, the
same behaviour of thermal contraction was observed, and similar maximum contact
pressures were achieved.
It can be concluded that for insert pre-heating temperatures in the interval of approx-
imately 23 °C to 160 °C, contact pressure due to thermal contraction was highest.
For higher insert pre-heating temperatures, contact pressure decreased. The ana-
lysis was based on linear elastic material properties so that absolute contact stresses
were relatively high. In reality, plastic deformations of the material occur which reduce
these contact pressures. Furthermore, the sCF-PEEK material was assumed to be
isotropic. However, the fibre orientation of real specimens can vary which influences
contact stresses. Nevertheless, the contact stress development for different tempera-
tures could be determined for the cylinder pull-out specimen and the hybrid composite
pedicle screw. Thermal shrinkage will contribute to interface strength especially if non-
heated inserts are considered. However, an adhesive interface is formed in this case
with a lower strength compared to the strength of a cohesive interface which will de-
velop if inserts are adequately pre-heated. Therefore, it is important to ensure cohesive
interface formation for the hybrid composite pedicle screw.
Interface formation
To further investigate the interface between insert and overmould, and to prove the
assumptions of adhesive and cohesive interface formations, stereo microscopy was
used. The cylinder of a specimen with a pre-heated uCF-PEEK insert was cut in half
after the insert was completely pulled-out of the cylinder. Figure 4.18 illustrates an
image of the cylinder cut on the left and of the corresponding insert on the right.
uCF-PEEK
cylinder cut surface (sCF-PEEK)
sCF-PEEK
rod surface (uCF-PEEK)
1 mm1 mm
Figure 4.18.: Stereo microscope images of the sCF-PEEK cylinder cut (left) and the
corresponding uCF-PEEK rod insert (right) after pull-out testing
The image on the left shows a bunch of endless fibres which stick to the sCF-PEEK
material of the cylinder. Similarly, the uCF-PEEK rod surface was studied. Short CFs
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on the rod surface were present and can be seen in the image on the right. These
findings underline that a cohesive interface between the uCF-PEEK material of the
pre-heated insert and the sCF-PEEK material of the overmould was formed. The rough
insert surface after pull-out testing is a result of cohesive failure.
4.2.8.4 Concluding remarks
The previously described adherence tests highlight that several requirements have to
be fulfilled in order to successfully test the interface strength of hybrid overmoulded
composite structures. For interface testing, the geometry of the specimen should be
directly obtained by means of a representative manufacturing process. As a conse-
quence, only few preparation steps will be required for the conduction of the interface
test. Advantageously, the interface is not influenced by specimen preparation. As an
example, the compression shear test required several preparation steps after over-
moulding to receive the final specimen geometry. Each step affected the interface. In
contrast, minor preparation steps were required for the cylinder pull-out specimen after
overmoulding so that the influence on the interface strength was insignificant.
During injection, the molten mass should flow along the main extension of the insert. As
a consequence, transverse forces on the insert, which can lead to insert deformation,
are significantly reduced. Especially if the insert bulk material is pre-heated up to
temperatures close to the melting point, the risk of insert deformation during transfer
and overmoulding is high. Preferably, only the insert surface melts due to heat transfer
from the molten mass so that a cohesive interface is formed while the risk of insert
deformation is low.
In addition to that, the set-up of the production cell should allow efficient and repro-
ducible overmoulding. This means that heating sources should be placed close to the
injection moulding machine to keep transfer times of pre-heated inserts low. During
the transfer itself, forced convection should be prevented. Preferably, the pre-heated
inserts are transferred in a hot cask, or the heating is further applied to the inserts dur-
ing transfer. Most accurate control of pre-heating temperature will be achieved if the
heating of the inserts is realised in the injection moulding machine. However, sufficient
machine extensions are required to pre-heat the inserts inside of the injection moulding
machine which was not the case for this study.
The automation of insert pre-heating, insert transfer, and overmoulding contributes to
manufacturing efficiency, and can lead to economic benefits. Pre-heating and transfer
times can be easily controlled in an automated process so that the reproducibility of
hybrid composite structures is favoured.
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4.3 Finite element analysis
FE models were built up in Abaqus to primarily investigate pedicle screw stability. Ex-
perimental test efforts could be significantly reduced by numerical simulation. In gen-
eral, reproducible in vivo test results are difficult to obtain due to a large variety of
geometry and mechanical properties of human bone [121]. However, these problems
can be eliminated with numerical models.
Parametric FE models written in Python were developed for the numerical analysis and
design optimisation of the hybrid composite pedicle screw. The FE solver Abaqus was
used for calculation. Due to the parametric character of the FE models, variations of
various model features could be realised fast and efficiently. By executing the paramet-
ric script, 2D or 3D models of a pedicle screw embedded in bone were automatically
generated.
4.3.1 2D model
2D FE models typically contain much lower numbers of elements and nodes than the
corresponding 3D counterparts [45, 46, 102, 200]. Therefore, efficient simulations can
be conducted with 2D models due to low computation times. However, the results of
the 2D analysis should only be used for comparative investigations [45, 197]. For the
2D problems, symmetric matrix storage was used for the solver.
4.3.1.1 Geometry
For the numerical model, bone geometry was simplified. Bone was assumed to be
a rectangular block with a length lbone of 45 mm and a width wbone of 65 mm, and
was divided into two parts: (1) the upper part which represented cortical bone, and
(2) the lower part which represented spongious bone. With the experience of cooper-
ating surgeons, the length lcortical of cortical bone was defined with 11 mm in the model
to represent an average value for the length of cortical bone of pedicle and lumbar
vertebra. The 2D screw could be modelled axisymmetric or with an offset of the half of
the pitch between the left and right thread edges. The thread helix was indicated with
this offset. A buttress thread was used for the thread design.
Certain variables were standardised to decrease the number of possible design varia-
tions. The total screw length lscrew was defined with 50.74 mm from the top to the tip of
the screw, and the outer diameter Do of the screw with 6.5 mm. The screw consisted
of a thread number nthread of 15, and the pitch of the thread pthread was standardised
with 2.4 mm. Fillets were applied between screw head and shaft, and shaft and tip to
avoid sharp edges. The screw tip had a length of 2.2 mm and was modelled sharp. The
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head of the screw was modelled spherically, and showed a radius rhead of 3.55 mm. All
other variables, which were required to build up the geometry of the FE model, could
be modified. Figure 4.19 illustrates the buttress thread of the screw with its significant
design parameters on the left. Besides the outer diameter Do and the standardised
pitch pthread, the modifiable variables are shown: inner screw diameter Di, distal half
angle κdist, proximal half angle κprox, distal root radius rdist, proximal root radius rprox,
and the length of the thread flank lflank.
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Figure 4.19.: Design parameters which describe the buttress thread (left) and the par-
titioned pedicle screw shaft (right)
The thread was partitioned into an upper and a lower part separated by the variable
N . This variable defined the number of threads at which the partition was realised.
Because the screw shaft length in between four threads corresponds to the length
of cortical bone, the variable N was standardised with the value of 4 for this study.
Both the upper and lower screw shaft could be independently designed conically or
cylindrically. The variables ψup and ψlow symbolise the conical angles of the upper and
lower screw shaft. In addition to that, two different lengths of the thread flanks lupflank
and llowflank could be used independent of the two parts (cf. figure 4.19 on the right).
The dimensions of the overmoulded insert were also defined in the script. The insert
could be modelled shorter than the screw by defining its start and end position. How-
ever, the models used for the studies presented in the following were built up with an
insert which covered the whole length of the screw. The variable Dcore describes the
diameter of the uCF-PEEK insert located in the centre of the hybrid composite pedi-
cle screw. The standardised and modifiable geometry variables of the parametric FE
models are listed in table 4.7.
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Table 4.7.: Geometry variable definition
Standardised Modifiable
Do 6.5 mm κdist
lbone 45 mm κprox
lcortical 11 mm ψlow
lscrew 50.74 mm ψup
nthread 15 Dcore a)
N 4 Di
pthread 2.4 mm llowflank
rhead 3.55 mm l
up
flank
rhead-shaft 0.3 mm rdist
rshaft-tip 1 mm rprox
wbone 65 mm
a) only used for hybrid composite screw
Several partition lines were needed for the screw-bone model to define the geometry
of the screw core, the edges at which the pull-out load was applied, the geometry of
the cortical bone, a vertical edge from the tip of the bone cavity to the lower bone edge
to apply local seeds, and an area around the bone cavity in which a free mesh was
applied (cf. chapter 4.3.1.4).
To investigate the influence of increasing osseointegration (cf. chapter 4.3.1.3) and of
better bone properties, nine 2D screw-bone models with different conical shaft angles
were modelled and are shown in table 4.8. In the table, the sum of the upper and lower
conical angles ψup and ψlow is represented by the cumulated conical angle ξ.
Table 4.8.: Model overview of conical shaft study
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ψup in ° 0 0 0 0.5 0.5 1.0 1.0 1.5 1.5
ψlow in ° 0 1.0 2.5 0.5 1.0 1.0 1.5 1.5 2.0
ξ in ° 0 1.0 2.5 1.0 1.5 2.0 2.5 3.0 3.5
Model-1 represented a pedicle screw with a completely cylindrical screw shaft whereas
for model-2 and model-3 the upper part of the screw shaft was cylindrical and the lower
part was conical. All other models had completely conical screw shafts.
The geometry of the model is based on the assumption that the bone cavity perfectly
fits to the outer shape of the pedicle screw. In reality, surgeons use special drills or
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other instruments to drill pre-holes into the vertebrae. The pull-out resistance of pedicle
screws is dependent on the size and quality of these pre-holes, especially shortly after
surgery. However, these dependencies were not considered in the numerical models
because they were used for comparative studies only. Nevertheless, laboratory tests
were performed in which different pre-hole diameters were tested for different BRMs
(cf. chapter 4.6.1 and 4.6.2).
4.3.1.2 Properties
To account for the different bone properties of cortical and spongious bone, two bone
materials were defined. In addition to that, three pedicle screws with different materials
were considered to examine the differences in screw pull-out resistance: (1) a titanium
screw, (2) an injection moulded sCF-PEEK screw, and (3) a hybrid composite screw.
The load magnitudes were chosen in the way that linear elastic material behaviour
could be assumed for screw and bone materials.
The parametric script enables isotropical or anisotropical modelling of cortical bone. In
many studies [46, 102, 107, 111, 121, 124, 125], there was no differentiation between
cortical and spongious bone, or isotropic material properties of bone were assumed,
especially in the case of simplified bone geometries. However, anisotropic cortical
bone properties account for a more realistic material behaviour. Therefore, elastic
anisotropic behaviour was assumed for cortical bone in this study. To properly assign
the anisotropy of cortical bone and uCF-PEEK, local coordinate systems (LCOSs) were
defined. For the uCF-PEEK material, the 1-axis of the LCOS was oriented along the
fibre direction. Compared to the radial or transverse direction, cortical bone is stiffer
along the diaphyseal axis (longitudinal direction) so that transverse isotropic behaviour
could be assumed for cortical bone [118]. The 1-axis of the cortical bone material was
assumed to be collinear with the screw axis. The Young’s moduli E11, E22 and E33, the
Poisson’s ratios ν12, ν13 and ν23, and the shear moduli G12 and G13 were defined for the
anisotropic material description. Additionally, the shear modulus G23 was calculated by
G23 =
E22
2(1 + ν23)
. (4.18)
As mentioned in chapter 2.2.1, bone properties differ dependent on several factors.
The main difference between good and poor bone quality lies in the stiffness value of
spongious bone. To analyse the influence of healthier and stronger bone on the pull-
out characteristics, the Young’s modulus Espong of the spongious bone was increased
from 0.1 GPa (poor bone quality) to 1 GPa (good bone quality). Relative variations of
spongious bone stiffness are typically higher than for cortical bone [18, 24, 117]. It was
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assumed that increasing the spongious bone stiffness by a factor of 10 significantly
changes the pull-out behaviour of the hybrid composite pedicle screw. The stiffness of
cortical bone remained constant to clearly evaluate the effect on the pull-out behaviour
and to promote the comparability of results. Table 4.9 informs about the material prop-
erties of screw and bone used for the comparative analyses of this study.
Table 4.9.: Material properties
E11 in
GPa
E22 in
GPa
E33 in
GPa
ν12 ν13 ν23 G12 in
GPa
G13 in
GPa
G23 in
GPa
Ref.
Cortical
bone
17.9 10.1 10.1 0.40 0.40 0.62 3.30 3.30 3.12 [118]
uCF-
PEEK
170.2 9.4 9.4 0.34 0.34 0.40 5.46 5.46 3.36 a)
E in GPa ν Ref.
Spongious
bone
0.1 or 1b) 0.20 [18, 24, 117, 118, 121]
Titanium 114 0.30 [18, 48, 114, 124, 175]
sCF-PEEK 18 0.33 [173, 174]
a) material data of Invibio PEEK-OPTIMATM Ultra-Reinforced provided by Neos Surgery S. L.
b) a stiffness value of 0.1 GPa was chosen to represent poor bone quality, and 1 GPa was chosen
to represent good bone quality
4.3.1.3 Interactions
As mentioned in chapter 2.1.2.1, the osseointegration capability of PEEK and CF-
PEEK implants is typically poor, but coatings can be applied to promote osseointe-
gration. In this study, three different contact states between pedicle screw and bone
were modelled, dependent on the time after surgery:
1. Short time after surgery (hours): There is neither significant osseointegration nor
significant friction interaction between screw and surrounding bone. The tangen-
tial contact behaviour was assumed to be frictionless in the model [201].
2. Medium time after surgery (days, weeks): Osseointegration and friction interac-
tion between screw and surrounding bone are relevant. The tangential contact
behaviour was based on a friction coefficient of 0.2 in the model [111, 121, 199].9
3. Long time after surgery (several months): The level of osseointegration is high
so that functional connections between screw and surrounding bone exist. The
interaction was based on a tie constraint in the model [90, 201].
9This value was assumed for a medium osseointegration state in between no and full osseointegration.
In [111, 121, 199], a friction coefficient of 0.2 was used between bone and a stainless steel implant.
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A friction coefficient of 0.2 was assumed for a medium osseointegration state in be-
tween no osseointegration (frictionless contact) and full osseointegration (tie con-
straint). Numerous osseointegration states exist, but only three states were relevant
for this study. This approach is widely accepted in the literature, and the modelling
techniques listed before were also used by others [46, 201–203].
In the model, a surface-to-surface contact with a finite sliding formulation was imple-
mented between screw (master) and bone (slave). There was neither a need for slave
adjustment nor for surface smoothing. If short or medium time after surgery is mod-
elled, the tangential contact behaviour will be defined. It could either be frictionless to
represent the state of short time after surgery, or it was based on a penalty formulation
to represent the state of medium time after surgery. In both cases, the normal contact
behaviour was assumed to be a hard contact based on a penalty formulation with a
normal contact stiffness of 8 GPa and a linear behaviour. This normal contact stiffness
was chosen to be lower than the stiffness of sCF-PEEK to promote convergence while
still having minor contact penetrations. Separation after contact was allowed.
4.3.1.4 Mesh
The Abaqus 8-node quadratic quadrilateral plane stress elements CPS8R and the 6-
node quadratic triangular plane stress elements CPS6 were used for the mesh of the
2D models. If the hybrid composite screw is modelled, the core of the screw will be
structurally meshed with local seed assignment whereas the remaining screw parts will
be meshed freely. A slightly coarser mesh was used for the screw core compared to the
mesh at the outer edges of the screw. Titanium and sCF-PEEK screws were entirely
meshed freely. Concerning bone, the area close to the screw cavity showed a free
mesh with small elements to account for the screw-bone interaction. The remaining
bone parts were structurally meshed with coarser elements towards the left and right
outer edges. Figure 4.20 highlights edges and partition lines used for mesh control
on the left. In the figure, a hybrid composite pedicle screw with the reinforcing uCF-
PEEK core (a) and sCF-PEEK material for thread and head (b) is shown. The screw
is embedded in bone which consists of a cortical shell (c) and a spongious bone part
(d). A detailed view of the mesh is shown in figure 4.20 on the right. The boundary
conditions, which will be described more in detail in chapter 4.3.1.5, are shown as well.
Due to the 2D character of the model, the number of elements was quite low. Approx-
imately 16000 elements were used for the mesh of screw and bone so that the 2D
model consisted of approximately 32000 elements and 100000 nodes. Roughly 98 %
of the mesh consisted of CPS8R elements. Certainly, these numbers depend on the
specific screw and bone geometry.
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Figure 4.20.: Local seeds with boundary conditions for the pull-out loading case (left)
and mesh detail (right)
4.3.1.5 Loads and boundary conditions
To study the hybrid composite screw numerically, a pull-out loading case was modelled.
This loading case does not replicate the complex and multidirectional in vivo loads, the
human spine is subjected to. However, pull-out is a suitable loading case to evaluate
screw fixation strength and to compare numerical studies [204]. Because thread design
is crucial for screw stability in bone under pull-out loads, this loading case was chosen
for the numerical studies including screw thread design optimisation.
The pull-out load was applied to the lower edges of the screw head. The model could
be constructed with a displacement or a force load. The load magnitude was chosen
in the way that the material behaviour of screw and bone has been in the linear elastic
region. Additionally, the left and right bone edges were clamped so that the displace-
ments uX and uY in the global coordinate system were restricted (cf. figure 4.20 on the
left).
4.3.2 3D model
A 3D FE model is a more realistic representation of the real scenario compared to a
2D model [201]. However, it is also based on several assumptions so that it is still
a simplification of the reality. Disadvantageously, computation time is typically higher
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compared to 2D models. In addition to the 2D screw-bone model, an axisymmetric
3D model was developed. It could be modelled as a quarter (3D90), half (3D180) or
full model (3D360), dependent on the revolve angles used. The thread helix angle
can influence the pull-out behaviour of pedicle screws. Thus, by the simplification of
axisymmetric modelling, some limitations to the interpretation of the results have to be
applied, but this approach is widely used in the literature [45, 46, 102, 107, 200]. A
comparison of the load distribution between an axisymmetric 3D model and a model,
which considered the thread helix, was made in [205]. In that study, the helical effect
did not significantly influence load distribution. Due to the broad acceptance of ax-
isymmetric models in the literature, the significant increase in complexity concerning
parametrisation, and uncertain increase in accuracy, the helical angle was neglected
in the models used for this study. Furthermore, the modelling of the 3D geometry of a
vertebra was beyond scope of this work so that bone geometry was simplified.
Basically, most of the commands used for building up the 2D model were adopted for
the 3D case. The mesh of the 3D models was slightly coarser than in the 2D case to
keep the number of elements in a reasonable range. Additionally, the material defini-
tion accounted for the third dimension. The Abaqus elements used for the 3D model
were the 20-node quadratic brick element C3D20R with reduced integration and the
10-node quadratic tetrahedron element C3D10. The 3D90 model consisted of approx-
imately 33000 elements and 147000 nodes, the 3D180 model of 68000 elements and
300000 nodes, and the 3D360 model of 133000 elements and 572000 nodes. These
numbers were dependent on the specific screw and bone geometry, as for the 2D
case. The 3D90 model showed an X-symmetry boundary condition in the ZY-plane,
and a Z-symmetry boundary condition in the XY-plane. Only the Z-symmetry boundary
condition was used for the 3D180 model.
To promote convergence, an automatic contact stabilisation scheme could be imple-
mented for the 3D models. A constant damping factor based on the dissipated energy
fraction (default value 0.0002) was used [206]. If an unstable region exists in the model,
local velocities will arise which will be artificially damped so that part of the strain en-
ergy will be consumed by the damper. This static dissipated energy should only be
a small fraction of the total strain energy. In addition to that, the option of adaptive
stabilisation was activated, and the allowable accuracy tolerance for the ratio of dissi-
pated energy to total strain energy in each increment was 5 % which is also the Abaqus
default value [206]. Besides contact stabilisation, the solver option of unsymmetric ma-
trix storage (UMS) was activated [206]. With these options, excellent accuracy could
be maintained and numerical errors could be prevented while convergence was pro-
moted. Concerning the 3D90 and 3D180 model, the symmetry boundary conditions
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had a stabilisation effect so that the convergence of these models was faster than the
convergence of the 3D360 models. Therefore, contact stabilisation and UMS were only
used for the 3D360 models.
If contact stabilisation is used, it will be important to check the ratio of static dissipation
or viscous damping energy εALLSD and the internal or total strain energy εALLIE of the
solution. As an example, the energy ratio εALLSD / εALLIE of a 3D360 model with a
displacement load Lu of 0.6 mm was
εALLSD
εALLIE
= 4.17 · 10
−3 J
3.64 J = 0.115 % . (4.19)
The energy ratios of other models with different loads were in the same range. Addi-
tionally, the ratio of the maximum nodal viscous damping force to the maximum reaction
force was in the range of 0.004 %. These numbers show that contact stabilisation did
not significantly influence solution accuracy.
4.3.3 Simulation results
Because several studies were based on the simplified but time efficient 2D screw-
bone model, the correlation between 2D and 3D models is examined in this chapter.
In addition to that, stresses and strains of pedicle screws and bone are investigated.
Finally, a study is presented in which the contact formulations between screw and bone
were changed.
4.3.3.1 Differences between 2D and 3D modelling
To decrease the number of elements and to increase computational efficiency, symme-
try planes should be identified in an FE model. The screw-bone model was constructed
as a 2D model, or as a 3D quarter, half or full model (cf. chapter 4.3.2) to see the dif-
ferences in simulation time and accuracy.
For this study, a hybrid composite screw was modelled with a frictionless contact def-
inition between screw and bone, and with the displacement pull-out load of 0.6 mm.
As mentioned in chapter 4.3.2, the options of contact stabilisation and UMS for the
equation solver were used for the 3D360 model to promote convergence. For a better
comparison of the 2D model with the 3D models, the thread was modelled axisymmet-
ric in this study. In addition to that, the relative reaction force FR, rel was defined as the
ratio of reaction forces FR of the corresponding models related to the reaction force
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F 3D90R of the 3D90 reference model:
FR, rel =
FR
F 3D90R
(4.20)
In figure 4.21, the relative reaction forces FR, rel are plotted against the node numbers
of the corresponding models. The node (element) numbers were 99824 (32228) for the
2D, 147339 (32633) for the 3D90, 299802 (68276) for the 3D180, and 572286 (133460)
for the 3D360 model.
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Figure 4.21.: Comparison between 2D and 3D models by the ratio of reaction force
FR, rel and simulation time tCPU, rel
As expected, the 3D180 model shows twice the reaction force of the 3D90 model, and
the 3D360 model shows four times the reaction force of the 3D90 model. The same
observations were also obtained with other pull-out displacement loads.
To compare the simulation time of the models, the total central processing unit (CPU)
times tCPU of the corresponding models were related to the total CPU time t3D180CPU of the
3D180 model based on a displacement load of 0.6 mm:
tCPU, rel =
tCPU
t3D180CPU
(4.21)
Only relative values are presented here because the simulation time depends on the
computational resources available. The relative CPU time was 0.86 % for the 2D model,
22.28 % for the 3D90 model, and 1382.67 % for the 3D360 model. As mentioned be-
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fore, the 3D360 model was modelled with the solver options of contact stabilisation and
UMS which promoted convergence but additionally increased simulation time. Figure
4.21 shows the relative CPU times tCPU, rel of the different models over the correspond-
ing node numbers.
The possibility of saving simulation time by the 3D90 model without losing accuracy
compared to the 3D180 and 3D360 model is proven by this study. With the 2D model,
efficient simulations can be conducted. However, this model should only be used for
comparative analyses.
4.3.3.2 Stress and strain analysis
To analyse the stresses and strains of the hybrid composite pedicle screw and bone,
a 3D90 model was subjected to a pull-out displacement load of 0.1 mm in this study
so that the material behaviour of screw and bone has still been in the elastic region.
Moreover, the interaction between screw and bone was modelled as frictionless, and
a tie constraint between the uCF-PEEK core and the overmoulded sCF-PEEK mate-
rial was assumed which represented a sufficient strong interface. The equivalent von
Mises stress σMises was used to investigate the material behaviour (cf. figure 4.22).
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Figure 4.22.: Von Mises stress analysis of hybrid composite pedicle screw-bone model
with detailed view without screw core
Concerning the hybrid composite pedicle screw, high stress values were located at ar-
eas close to the proximal root radii. The stress was transferred from the screw head to
the uCF-PEEK core which was subjected to high stresses σ11 in fibre direction. Suffi-
cient interface strength has to be ensured to guarantee proper load transfer. Generally,
stiffer cortical bone showed higher stresses and lower strains than spongious bone.
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The regions of highest von Mises stresses in the bone were located in the cortical part
around the first thread which is in accordance with the findings of others [23, 45, 121].
The regions of highest strains were located in the spongious bone part close to the
thread flanks.
Three 3D90 models with different screw materials were defined to study their differ-
ences in stress distribution: (1) a titanium screw, (2) an sCF-PEEK screw, and (3) a
hybrid composite screw. The model geometry and all other parameters used for the
analysis were the same for all models. The pull-out load was 100 N. Figure 4.23 il-
lustrates the contour plots of the three models and compares von Mises stress values
σMises at distinct locations. The underlined numbers refer to bone stresses.
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Figure 4.23.: Comparison of von Mises stress σMises of models with different screw
materials
The bone stress of the sCF-PEEK and hybrid composite pedicle screw model was
approximately 40.7 % and 16.4 % higher than the bone stress of the titanium pedicle
screw model. Therefore, the risk of stress shielding can be reduced for both composite
and hybrid composite pedicle screws. The stiffer titanium screw showed higher von
Mises stresses than the sCF-PEEK screw and the discontinuous CF reinforced parts
of the hybrid composite screw. The uCF-PEEK core of the hybrid composite screw
shows high stresses. However, there is only a minor risk of core failure due to its high
strength. In addition to that, the stresses in the overmoulding material are compara-
tively low. Compared to the entirely discontinuous CF reinforced PEEK pedicle screws,
the hybrid composite screws showed a reduction of approximately 22 % of the pull-out
displacements at the specified pull-out load of 100 N.
This study shows that an excellent adhesion between core and overmould is important
to guarantee proper load transfer, that screw purchase of cortical bone is important for
pedicle screw stability, and that stress shielding can be reduced with hybrid composite
pedicle screws.
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4.3.3.3 Contact formulations
In this study, pedicle screws were subjected to a pull-out load of 100 N. Figure 4.24
shows the results of the contact study under the consideration of different spongious
bone qualities (cf. chapter 4.3.1.2) and different contact formulations (cf. chapter
4.3.1.3). The absolute displacement value uabs of each model listed in table 4.8 was
related to the absolute displacement value ucylabs of the cylindrical reference model-1 for
each contact formulation to analyse relative displacements urel:
urel =
uabs
ucylabs
(4.22)
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Figure 4.24.: Relative pull-out displacements urel in axial screw direction: a) short time
after surgery with poor bone quality, b) medium time after surgery with
poor bone quality, c) long time after surgery with poor bone quality, d)
short time after surgery with good bone quality, e) medium time after
surgery with good bone quality, f) long time after surgery with good bone
quality
A cylindrical screw showed the lowest displacement values independently of bone qual-
ity or contact formulation. The differences in relative pull-out displacements between
the models were below 1 %. Typically, the optimisation of one design parameter only
contributes to small improvements. However, the sum of the improvements of all pa-
rameters can contribute to significant changes (cf. chapter 4.3.4).
In the case of poor bone quality, the relative displacements will increase if the conical
angles increase. Screws with the same upper conical angle (cf. table 4.8) showed the
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same level of relative displacement. If the upper conical angle increases, the relative
displacement will increase as well. Contrarily, the lower conical angle played a minor
role in case of poor bone quality. This means that the conical angle ψup of the upper
screw part located in cortical bone had a bigger influence on the screw pull-out charac-
teristics than the conical angle ψlow of the lower screw part located in spongious bone.
Most forces between screw and bone were transferred in the upper screw part which is
in interaction with cortical bone. The lower screw part, which was embedded in spon-
gious bone, transferred much less forces. Therefore, the influence of the conical angle
of the upper screw part on pedicle screw stability was higher compared to the conical
angle of the lower screw part. The results of the short time (frictionless contact) and
medium time (friction contact) studies with poor bone quality were very similar. In the
long time studies (tie constraint) with poor bone quality, the influence of conicity on the
relative displacement was significantly smaller.
In the case of good bone quality, one relative displacement level for each model was
reached. This means that not only the upper but also the lower conical angle had a
significant influence on the pull-out characteristics in the case of good bone quality.
Here, the cumulated conical shaft angle ξ can be chosen as an indicator. As an exam-
ple, model-3 had a cumulated angle of 2.5°. The displacement of model-3 rather fitted
to the displacements of model-6 and model-7 which had a cumulated angle of 2° and
2.5° (cf. table 4.8). More pull-out forces will be transferred in the lower screw part if the
stiffness of spongious bone increases. This study highlights that a special attention will
have to be given to the design of the lower pedicle screw part if screws for patients with
good bone properties, such as healthy youths, are to be developed.
To investigate the differences in absolute axial screw displacements among the studies
with different contact formulations, the absolute axial screw displacement ufrictionless, 0.1abs, model-1
of model-1 of the frictionless contact study, modelled with a spongious bone stiffness
of 0.1 GPa (poor bone quality), was taken as the reference model. The absolute dis-
placement values uabs, model-1 of model-1 of the other contact studies were related to
this reference:
Ratio of axial screw displacements = uabs, model-1
ufrictionless, 0.1abs, model-1
(4.23)
The corresponding percentage values of the ratio of axial screw displacements are
shown in table 4.10.
Both the interaction definition and the spongious bone quality significantly influence the
pull-out characteristics of hybrid composite pedicle screws. The higher the interaction
between screw and bone, the lower the axial screw pull-out displacement. More inter-
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Table 4.10.: Comparison of different contact studies
Contact Espong in GPa Ratio of axial screw displacements in %
Frictionless 0.1 100
Friction 0.1 98.60
Tie 0.1 60.77
Frictionless 1 36.03
Friction 1 35.72
Tie 1 27.71
action corresponds to a better osseointegration between screw and bone. The degree
of osseointegration increases with increasing time after surgery. The most critical state
of the patient with the highest risk of pulling-out the hybrid composite pedicle screw
is shortly after surgery when osseointegration is still poor. The pull-out displacements
were significantly increased in the case of poor spongious bone quality. This means
that poor spongious bone quality highly increased the risk of pedicle screw pull-out.
4.3.4 Parametric optimisation
The parametric script written in Python enabled the use of the optimiser LS-OPT 5.2.1
from Dynamore GmbH for parametric optimisation. The aim of the optimisation was
the determination of a hybrid composite screw shaft and thread design which showed
the highest resistance against a specified pull-out force of 100 N. With this load, the
material behaviour of screw and bone was in the elastic region. The pull-out loading
case was chosen here because the screw shaft and thread design highly affect the pull-
out characteristics. Dependent on the pedicle screw design, the resultant screw pull-
out displacements vary. The higher the resistance against pull-out loads is, the lower
the pull-out displacements are. Lower pull-out displacements correspond to reduced
micromotions between screw and bone so that osseointegration can be promoted and
long-term screw stability enhanced. An excellent thread and shaft design is crucial to
prevent the pedicle screw from pulling-out [23, 45, 97, 106–108, 199, 207].
As mentioned in chapter 4.3.1.1, some variables were standardised and were not in-
cluded in the optimisation process. For the optimisation, the screw was modelled with
the uCF-PEEK core, the cortical bone was modelled anisotropic, and the interaction
between screw and bone was modelled as frictionless. The screw head geometry as
well as the fillet between head and body, body and tip, and at the tip itself did not
change within the optimisation procedure.
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The parametric script was adapted so that the optimiser could identify the variables
which should be changed within the specific optimisation procedure. The point selec-
tion and the design space were full factorial to see the influence of each parameter
combination. The script was read by Abaqus, the calculation was conducted, and
output was produced. Irrelevant data, such as the big output data base (.odb), was
automatically deleted to avoid the accumulation of a huge amount of data. The abso-
lute axial displacement of one specific node, which was located at the uppermost point
of the screw head, was analysed for the optimisation. A file (.txt) with the resulting
displacement value was automatically written after the calculation. It was read by the
optimiser as a response file, parameters were changed, and the process could start
again. This loop continued until all defined screw designs were calculated. After the
optimisation procedure, the results could be post-processed and visualised by other
programs. Figure 4.25 illustrates this process of optimisation.
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Figure 4.25.: Process of optimisation
In the following, the results of the parametric optimisation are presented. As an in-
troductive example, the distal root radius and the proximal root radius were studied in
equidistant intervals from 0.1 mm to 1.2 mm and from 0.1 mm to 0.4 mm. Simultane-
ously, the distal and proximal half angles were changed. In figure 4.26, the relative
axial screw pull-out displacements urel are plotted against the two root radii rdist and
rprox. The relative axial screw pull-out displacement was calculated by the division of
the absolute displacement of each model with the lowest absolute displacement within
the analysed set of models.
To illustrate this optimisation curve, the distal half angle κdist was fixed at 35°. The
surface plot shows that for each pair of root radii and one specific distal half angle four
data points with different z-coordinates were obtained, dependent on the proximal half
angle. Therefore, four surfaces for each proximal half angle could be drawn. Referring
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Figure 4.26.: Mean surface plot of the relative axial screw displacements urel depen-
dent on the thread root radii rdist and rprox with a fixed distal half angle
κdist of 35°
to figure 4.26, the data points are shown by asterisks, and the illustrated surface is the
surface showing the mean displacement values.
If the results for one specific proximal half angle are chosen, only one surface will
result. In figure 4.27, the relative screw pull-out displacements urel are plotted against
the distal and proximal root radii rdist and rprox for a distal half angle κdist of 35° and a
proximal half angle κprox of 0°. The area in between the data points was interpolated.
To extend the study presented in chapter 4.3.3.3, the variables ψup and ψlow, which
describe the conicity of the upper and lower screw shaft, were varied from 0° to 1.5°
and from 0° to 2° in equidistant intervals according to table 4.11.
Table 4.11.: Parameter range of the upper and lower conical shaft angle ψup and ψlow
used for design optimisation
ψup in ° 0 314
6
14
9
14
12
14
15
14
18
14
21
14
ψlow in ° 0 27
4
7
6
7
8
7
10
7
12
7
14
7
The relative displacement urel, introduced in equation 4.22, was also used for this study.
The resulting surface plot of the relative displacement values for the poor bone quality
case (Espong of 0.1 GPa) is illustrated in figure 4.28.
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Figure 4.27.: Surface plot of the relative axial screw displacements urel dependent on
the thread root radii rdist and rprox with a fixed distal half angle κdist of 35°
and a fixed proximal half angle κprox of 0°
Figure 4.28.: Surface plot of the relative axial screw displacements urel dependent on
the conicities ψup and ψlow of the screw shaft in the case of poor bone
quality
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Verifying the results of chapter 4.3.3.3, the completely cylindrical screw showed the
lowest displacement values. The displacement values increased with a higher degree
of conicity. Referring to figure 4.28, the slope of the upper conical angle ψup was
significantly steeper than the slope of the lower conical angle ψlow in the case of poor
bone quality. This means that the influence of the upper conical angle on the pull-out
behaviour of the hybrid composite pedicle screw was bigger than the influence of the
lower conical angle as far as poor bone properties were assumed for spongious bone.
The same model was built up with a spongious bone stiffness Espong of 1 GPa to ac-
count for the case of good bone quality. The corresponding results are shown in figure
4.29. Compared to figure 4.28, the surface has turned clockwise. This means that the
influence of the conical angle ψlow of the lower thread part has become more important
in the case of younger and healthier bone (cf. chapter 4.3.3.3).
Figure 4.29.: Surface plot of the relative axial screw displacements urel dependent on
the conicities ψup and ψlow of the screw shaft in the case of good bone
quality
The different influences of geometry parameters on the pull-out characteristics of the
hybrid composite pedicle screw can also be shown by analysing the diameter Dcore of
the uCF-PEEK core together with the conical angles ψup and ψlow of the upper and
lower screw shaft. Figure 4.30 shows two surfaces. Each surface corresponds to
one specific value of the diameter of the screw core. The lower surface shows the
relative axial screw displacement for a hybrid composite pedicle screw dependent on
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the conical shaft angles with a core diameter of 1.8 mm and the upper surface for a
core diameter of 0.4 mm. The influence of the core diameter was significantly higher
than the influence of the conical shaft angles because the levels of relative axial screw
displacements of each surface are different.
Figure 4.30.: Surface plot of the relative axial screw displacements urel dependent on
the conicities ψup and ψlow of the screw shaft and the diameter Dcore of
the screw core
The analyses presented before showed some examples of how the hybrid composite
pedicle screw optimisation was conducted, the results were examined, and interpreted.
In the same manner, the optimisation has been performed for the variables distal and
proximal half angle κdist and κprox, the inner screw diameterDi, and the upper and lower
thread flank lupflank and llowflank. The corresponding figures A.2 and A.3 of the optimisation
study for these variables are listed in appendix A.2. With these studies, the effect of
different parameters on the pull-out behaviour of the hybrid composite pedicle screw
could be identified. Based on the optimisation results, the recommendations, if either
a high (↑) or a low value (↓) for the specific design variable should be used, are shown
in table 4.12. Because screw stability was most critical shortly after surgery, the screw
shaft and thread design have been optimised for this worst-case scenario (frictionless
contact).
Increasing the screw core diameter can increase interface strength because the inter-
face is established over a bigger area. In addition to that, lower shear stresses will
94 4. Material and interface characterisation, modelling, design, and verification
Table 4.12.: Recommendations for screw design variables
Variable Parameter range Design recommendation
Primary Di 3.2 mm to 5.0 mm ↑
effects Dcore 0.4 mm to 2.5 mm ↑
κdist 5° to 35° ↑
κprox 0° to 10° ↓
rdist 0.1 mm to 1.2 mm ↓
Secondary rprox 0.1 mm to 0.4 mm ↑
effects lupflank 0.05 mm to 0.4 mm ↑
llowflank 0.05 mm to 0.4 mm ↑
ψup 0° to 1.5° ↓
ψlow a) 0° to 2° ↓
a) lower conical angle becomes more important with healthier/younger bone (cf. chapter 4.3.3.3)
develop at the interface if the pedicle screw is subjected to bending or torsional forces.
With the specific parameter ranges listed in table 4.12, the difference between the best
and the worst screw design in terms of pull-out resistance was approximately 11.91 %.
Each parameter optimisation only contributed to a small improvement of screw stability.
However, the sum of the contributions of all parameters led to a significant improvement
of screw stability.
Figure 4.31 shows two hybrid composite screws. The screw at the top was designed
according to the design recommendations so that a high resistance against pull-out
forces was achieved. A cylindrical screw shaft was used for its design because the
highest resistance against pull-out could be obtained with this shaft design (cf. chapter
4.3.3.3). However, differences in pull-out resistance between screws with conical and
cylindrical shafts were low. The screw at the bottom shows a poor resistance against
screw pull-out. As mentioned before, these composite screw designs are based on the
assumptions of linear elastic material properties of screw and bone, a simplified bone
geometry, and simplified bone characteristics, e. g. no bone resorption or bone com-
paction. Conical screws will compact spongious bone if pre-holes are sufficiently small
[108]. However, due to a reduced torsional stiffness of hybrid composite pedicle screws
(cf. chapter 4.6.6), pre-holes have to be sufficiently large to insert these screws without
damage. Therefore, the effect of bone compaction was supposed to be insignificant
and was not considered for this study. For the final hybrid composite screw design,
manufacturing requirements and bone characteristics have to be taken into account.
For a first consistency check, a 3D90 design study was performed. Qualitatively, the
same behaviour as in the 2D case was observed. For a second consistency check, a
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Figure 4.31.: Theoretical screw designs (assumptions applied) with a high (top) and
poor resistance against pull-out forces (bottom)
tie constraint was used to describe the interaction between screw and bone instead of
the description with a frictionless contact. The design recommendations still counted
for this case. However, the influence of the uCF-PEEK core diameter and the proximal
half angle on the pull-out characteristics were of less significance.
The stability of hybrid composite pedicle screws subjected to pull-out loads has been
improved by this design optimisation. Enhanced screw stability may contribute to less
failure of the CPSS. The stiffness of the screw may further be increased by optimising
the adhesion between the uCF-PEEK core and the sCF-PEEK material. Certainly,
the manufacturing technique and the requirements of the manufacturing process of
the screw (cf. chapter 4.1) limit the design space and the feasible parameter range.
Concluding, the parametric optimisation results in recommendations, which have to
be checked, up to which limit they can be realised for the manufacturing of the hybrid
composite pedicle screw.
4.4 Design
A simple substitution of the materials of already existing products by FRP does not
typically lead to the fulfilment of the requirements. Different material properties have to
be considered to achieve an ideal product design with sufficient structural mechanical
properties. In this work, the design of metallic pedicle screw systems was not simply
substituted but thoroughly adapted so that the combination of the sCF-PEEK and uCF-
PEEK material was used in an ideal way. In addition to that, a new concept for the
CPSS was developed. The new system consisted of several parts (cf. figure 4.32): a
screw (a), a tulip (b), an upper clamp ring (c), a lower clamp ring (d), and a bridging rod
(e). The bridging rod was a purchased part. For all other components, a design was
realised which optimally considered the mechanical properties of TPCs.
Pedicle screw systems are used to stabilise at least two adjacent vertebrae. A one-level
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Figure 4.32.: Components of the CPSS
fixation system is used for such a fixation, and is focused in this work, as described
in chapter 2.2. To ease the installation of the CPSS, and to reduce handling efforts
of the surgeon and his assistants during surgery, the system can be pre-assembled
by the manufacturer or by the assistants prior to surgery. For easier installation, a
special holding device was designed to hold the CPSS components in the correct pre-
assembly position. Consequently, the surgeon only has to perform the final assembly
steps so that the effort for installation is comparable to metallic pedicle screw sys-
tems. Due to limited scope of this work, a focus is laid on the final design of the CPSS
components and neither on the development process itself nor on the developed in-
strumentations needed for system installation. During the research process, several
design refinements were realised especially for screw, tulip, and clamp rings.
4.4.1 Pedicle screw
Some important dimensions of the hybrid composite pedicle screw were defined in the
specifications (cf. chapter 4.1). A master screw was specified with certain pre-defined
dimensions. In the beginning of the design process, standard titanium pedicle screws
were examined to gain information about commonly used shaft lengths and tip angles.
The length of the shaft of the hybrid composite pedicle screw was fixed with 45 mm
from the top of the hexagon to the screw tip. The tip of the hybrid composite pedicle
screw had an angle of approximately 60° and was rounded with a radius of 1.5 mm. The
optimisation results of chapter 4.3.4 were used to further specify the hybrid composite
pedicle screw design. Several recommendations for the screw design were summed
up in table 4.12. As mentioned before, each variable had to be checked, up to which
limit the recommendations could be realised in order to successfully mould the screw.
For example, under the consideration of manufacturing requirements, undercuts had
to be avoided in the hybrid composite screw design to enable demoulding. As a con-
sequence, the smallest feasible proximal half angle was 10°.
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A double shafted screw with 16 threads was finally developed (cf. figure 4.32, compo-
nent a) to account for both the design of completely cylindrical screws with the highest
pull-out resistance (cf. chapter 4.3.3.3), and the characteristics and properties of hu-
man bone which were simplified for simulation. The outer diameter of the screw is
constant. The upper screw shaft, which is located in the cortical bone region, shows
a slightly bigger inner diameter than the lower shaft. Both shaft parts were designed
cylindrically. In between, there is a small transition zone in which the inner diameter de-
creases from the value of the inner diameter of the upper shaft to the value of the inner
diameter of the lower shaft. The transition between upper and lower screw shaft takes
place after thread number four, counted from the screw head. The length from first
to fourth thread is about 9.6 mm which approximately corresponds to the length of the
cortical bone cylinder of the pedicle of an adult10. The inner screw diameter is bigger in
the upper screw part than in the lower part to improve screw strength because most of
the forces are transferred in the upper screw part which is in contact with cortical bone.
Not only the inner screw diameter but also the thread flanks are bigger in the upper
than in the lower part to improve their resistance against existing forces. As described
in chapter 2.1, sufficient pedicle screw stability can only be achieved by osseointe-
gration. Therefore, increasing the surface of the hybrid composite screw by a smaller
lower shaft diameter is beneficial because functional connections to the screw can be
built over a bigger surface area providing that osseointegration is feasible, e. g. due to
a titanium coating. Additionally, the load can be transferred from the lower threads to
a bigger volume of spongious bone. Therefore, the risk of local spongious bone shear
fracture can be decreased.
Typically, a small set screw is used for common metallic pedicle screw systems to fix the
bridging rod to the screw and the tulip. Furthermore, these screws have a small recess
between the screw head and the first thread to account for the required rotational DOFs
of the tulip. However, this recess promotes failure of metallic screws in this region (weak
neck ). In contrast, the required DOFs of the tulip could be realised without recess
between screw head and shaft for the CPSS. Thus, the hybrid composite pedicle screw
design does not show a weak neck so that the risk of screw neck failure is reduced.
A cutting edge was realised in the lower part of the screw thread so that the screw can
actively cut the thread into bone during insertion. By this feature, friction forces are
reduced, and the insertion of the hybrid composite pedicle screw into bone is eased.
For many metallic pedicle screw systems, the instrumentation connection is realised
on the screw head. However, for the CPSS, it is beneficial to have as much contact
area as possible between the tulip and the spherical head of the hybrid composite
10information provided by surgeons in contact
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pedicle screw. Therefore, the instrumentation connection of the screw was realised
underneath its spherical head. As a consequence, friction forces needed for system
fixation could develop over a bigger area. A hexagon connection between screw and
instrument was realised to enable screw insertion into bone. The strength of the screw
neck was increased by the design of the hexagon because additional material was
used in the upper part of the screw which is subjected to high forces.
Conversations with surgeons in contact have confirmed that the variety of available
implants is huge and there are already lots of different special tools for implantation on
the market. If pedicle screw systems have to be removed, surgeons will not always
know prior to surgery which kind of system is implanted. Thus, if the implant can only
be removed by a special tool, which is not on hand, surgery will be complicated and
operation times will increase. Considering this aspect, the instrumentation connection
of the CPSS was realised by an ordinary hexagon so that no special tools are required
to insert or remove the hybrid composite pedicle screw.
4.4.2 Tulip
The main functions of the tulip were analysed in the beginning of the design phase:
• enable the fixation of the screw
• enable the fixation of the bridging rod
• ease the installation of the pedicle screw system by rotational DOFs of the tulip
in relation to the pedicle screw
On this basis, different conceptual tulip designs were developed. For the two fixations
of bridging rod with tulip and screw with tulip, three different possibilities were con-
sidered: fixation by a snap connection, by a screw or a nut, or by a cable strap or a
clamp ring. The combination of these fixation possibilities resulted in a number of new
concepts which were evaluated. Different criteria, such as achievable fixation forces,
assembly and disassembly difficulty, or long-term stability, were defined to converge
to a final concept. Due to limited scope, only the final concept is presented in the
following.
A sphere joint connects the tulip with the screw to account for the required DOFs of
the system and to ease its installation (cf. chapter 4.4). This joint enables the tulip
to rotate for some degrees relatively to the screw to ease system installation. As a
consequence, the difficulty of bridging the pedicle screws by the rod is reduced so that
correct system alignment in the human body can be achieved faster.
The height of the tulip of the CPSS was kept as small as possible to ensure that the
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system anatomically fits and does not negatively influence the patient’s well-being. The
tulip consists of two identical halves (cf. figure 4.32, component b). Therefore, only one
injection moulding tool was required so that the tool costs could be reduced. Each tulip
half has a small pin at the upper right inner vertical face. It fits into the corresponding
hole of the counterpart to ease the positioning between the two tulip halves. The tulip
consists of two conical faces: one in the upper and one in the lower part. Special clamp
rings (cf. chapter 4.4.3) are pushed over these faces to fix the system. To allow some
deformity during fixation, several cuts were realised in the tulip design.
4.4.3 Locking mechanism
As mentioned in chapter 2.2, set screws or nuts are typically used to restrict the DOFs
of metallic pedicle screw systems. However, these fixations are inappropriate for the
long-term fixation of composite pedicle screw systems. Therefore, the fixation of the
CPSS was achieved by pushing two clamp rings (cf. figure 4.32, components c and d)
into their final position. The fixation is based on friction and clamping forces. The outer
dimensions of the rings were kept as small as possible because space is limited close
to the pedicle. The final inner clamp ring diameters and conicities were determined by
FE simulations and assembly trials during which the required forces for system fixation
were recorded.
4.4.4 Bridging rod
The bridging rod was bought from the manufacturer Invibio Ltd. as a semi-finished
product so that only little information is of interest here. Bridging rods out of PEEK
or CF-PEEK should be used for the CPSS to prevent artefacts and to reduce stress
shielding. Both straight and bended bridging rods (cf. figure 4.32, component e) can
be used with the CPSS.
4.5 Manufacturing
The manufacturing of most parts of the CPSS was realised by injection moulding. The
horizontal injection moulding machine Babyplast type 6/10 PT was used for the man-
ufacturing of the injection moulded CPSS components. During the injection moulding
process, the material should not remain too long in the cylinder of the injection mould-
ing machine to prevent degradation.
In this chapter, information is mainly provided about the manufacturing of the hybrid
composite pedicle screw and the clamp rings. The tulip halves were manufactured with
a standard injection moulding process which was based on the typical requirements
concerning the injection moulding of high temperature resistant TPC materials. The
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bridging rod was a semi-finished part bought from the manufacturer.
4.5.1 Pedicle screw
The manufacturing of the hybrid composite pedicle screw was based on the overmould-
ing of the uCF-PEEK rod inserts with sCF-PEEK material. The sCF-PEEK material
was dried for at least three hours at 150 °C prior to overmoulding. The overmoulding
procedure of the hybrid composite pedicle screws was similar to the one used for the
manufacturing of the cylinder pull-out specimens. The gained experience and know-
how during the overmoulding and testing of the compression shear, SLS, and cylinder
pull-out specimens (cf. chapter 4.2.8) were required for a fast and successful start of
production of the hybrid composite pedicle screws. For the manufacturing of the hybrid
composite screw, straight uCF-PEEK rods were bought from the manufacturer Invibio
Ltd. They were cut into pieces of approximately 74 mm length. The uCF-PEEK rod
diameter of 2.5 mm needed to be within the tolerance range of approximately ±0.1 mm
so that the rod could be properly fixed in the injection moulding machine. Trials have
shown that the roughness of the insert surface had to be sufficiently smooth in order to
completely fill the screw cavity. On the one hand a certain minimum insert length had to
be ensured to realise an appropriate fixation in the injection moulding machine. On the
other hand the length should not be longer than needed due to limited stock, material
cost, and material savings. The mould temperature was 200 °C, and the temperature of
the molten mass was approximately 400 °C. Like for the manufacturing of the cylinder
pull-out specimens, the chosen temperature of the molten mass was high to promote
cohesive interface formation, although the risk of material degradation of the molten
mass increased. The inserts were cleaned with isopropanol before overmoulding and
were heated up to their target temperature in the oven Heraeus RL 200. Trials have
shown that with this type of oven the target temperature was close to the actual tem-
perature of the insert after at least six minutes. The inserts were handled with care
due to reduced structural mechanical properties at this temperature (cf. chapter 4.2.5).
The inserts were rapidly transferred to the injection moulding machine in a manual pro-
cess, and the overmoulding with sCF-PEEK was performed. During transfer, careful
handling of the hot inserts was required. As a result of the study of the cooling char-
acteristics described in chapter 4.2.6, a heated metal cask was used for the transport
of the inserts to decrease the influence of forced convection so that the cooling of the
specimens was decreased. Between opening of the oven and start of injection ap-
proximately five seconds elapsed. This time was sufficient to prevent the inserts from
critical cooling (cf. chapter 4.2.6) so that an insert pre-heating temperature of at least
260 °C was ensured prior to overmoulding. For the fixation of the inserts in the injection
moulding machine, two small metal parts with centred holes were used through which
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the heated inserts were pushed. These fixation jigs prevented the uCF-PEEK rod in-
sert from being pushed out of place during injection. For the hybrid composite pedicle
screw production, the main flow direction of the molten mass was aligned with the lon-
gitudinal axis of the screw. In addition to that, the injection was next to one fixation jig.
By these considerations, forces on the insert, which could lead to insert curvature, were
alleviated. After overmoulding, ejector pins demoulded the hybrid composite pedicle
screw. The upper end of the uCF-PEEK core was cut at the surface of the screw head,
and the screw tip was ground to its final shape. Furthermore, sprue and runner were
cut off.
The CF alignment of the hybrid composite screw as a result of the manufacturing pro-
cess can be seen on an X-ray microscope scan. For this study, the 3D X-ray micro-
scope Zeiss Xradia 520 Versa was used. Figure 4.33 illustrates one cut view through
the screw centre in which the uCF-PEEK core can clearly be distinguished from the
sCF-PEEK overmould material.
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Figure 4.33.: X-ray microscope scan of the fibre orientation of the hybrid composite
pedicle screw
The interface of the hybrid composite pedicle screw was further examined by a light-
optical microscope (LM). Polished sections were prepared for different screw regions.
Figure 4.34 shows examples of the interface between the sCF-PEEK overmould and
the uCF-PEEK core.
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Figure 4.34.: LM images of micrographs of the hybrid composite pedicle screw inter-
face
A clear distinction between the two materials close to the interface is difficult which
already indicates the formation of a cohesive interface. A reorientation of CFs at the
surface of the uCF-PEEK rod is shown in the upper micrograph on the left. This phe-
nomenon is shown with a smaller scale in the lower left micrograph. Prior to over-
moulding, the uCF-PEEK inserts were turned to their final diameter. During this turning
process, unidirectional endless CFs located at the surface were cut. Fibre reorienta-
tion will only be possible if the matrix at the insert surface is in a molten state. It can
occur in the instant when the molten sCF-PEEK mass fills the cavity of the mould and
contacts the molten uCF-PEEK rod insert surface at which cut unidirectional CFs are
present. Here, fibre reorientation only occurs in a narrow region so that it does not sig-
nificantly influence the structural mechanical properties of the insert. These findings
are evidences for the successful formation of a cohesive interface for the hybrid com-
posite pedicle screw, similar to the SLS and cylinder pull-out specimens. Violating the
requirements for achieving a cohesive interface led to the formation of a weak interface.
Figure 4.35 illustrates a gap between the sCF-PEEK and uCF-PEEK rod material due
to poor overmoulding. In this case, the difference between the interface temperature
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and the melting temperature of the insert was not sufficiently low (cf. figure 4.11).
uCF-PEEK
sCF-PEEK
500 µm interface gap due to poor overmoulding
Figure 4.35.: X-ray microscope scan of an interface gap due to poor overmoulding
Not only the creation of a strong interface between core and overmould is crucial for the
structural mechanical properties of the hybrid composite pedicle screw, but also the fi-
bre orientation along the thread. The fibre orientation is mainly a result of mould design
and process parameters. The hybrid composite pedicle screw thread was analysed by
the 3D X-ray microscope Zeiss Xradia 520 Versa (cf. figure 4.36). The illustrated re-
gion of interest is taken from a thread in the centre of the screw. The fibres close to
the thread roots are oriented parallel to the plane of view. The sCF orientation around
the outer thread region is in good accordance with the theoretical load paths which
can develop in the screw under pull-out loading conditions. The numerical stress and
strain analysis of chapter 4.3.3.2 highlights that high stresses are located at the thread
roots in the pull-out loading case. As can be seen in figure 4.36, the fibre orientation at
the thread roots is advantageous to transfer stress, and to improve the strength of the
screw in this area.
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Figure 4.36.: X-ray microscope scan of the hybrid composite pedicle screw thread
4.5.2 Locking mechanism
The clamp rings have to resist the forces which develop during their lateral movement
over the conical tulip faces to fix the system. The rings are required to maintain their
dimensions during service life so that system failure is prevented. Therefore, a winding
process was chosen for the manufacturing of the clamp rings to achieve the required
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high structural mechanical properties in circumferential direction. The rings were pro-
duced with the endless uCF-PEEK tape Sulzer SupremTM with a fibre volume fraction
of 60 vol.-%. The tape was heated and wound under tension onto a mandrel with a di-
ameter of 8 mm. The wound CF-PEEK tube was cut into small rings which were turned
to their final shape. In general, the dimensions of the upper and lower clamp ring were
different. Not only the outer but also the inner conical shape of the rings was machined.
The outer diameter of the tube was slightly bigger than the final outer diameter of the
clamp rings. Care had to be taken during machining and during the removal of burrs
to avoid any delamination. Afterwards, the rings were cleaned with isopropanol. The
relevant data of the winding process is listed in table 4.13.
Table 4.13.: Parameters of the manufacturing process of wound clamp rings
Tape width 5 mm
Tape thickness 0.25 mm
Yarn tension 15 N to 20 N
Core temperature before winding 200 °C
Tape width at deposition 8 mm
Feed 8 mm
Winding speed 5 m/min to 10 m/min
4.6 Testing
Different biomechanical and visibility tests were performed to study the properties of
the hybrid composite pedicle screw, to prepare the process of certification, and for
validation. The biomechanical tests described in the following are standardised and are
based on one-axial loads. However, a complex loading of pedicle screws is present in
real situations [114]. Nevertheless, biomechanical tests are useful to compare results,
and to estimate the performance of implants and implant components in real situations.
Tests were conducted at room temperature because the influence of body temperature
on testing results is insignificant (cf. chapter 4.2.5).
4.6.1 Quasi-static pull-out test
The quasi-static pull-out test was conducted in accordance with ASTM F 543 [208] to
evaluate the stability of hybrid composite pedicle screws and to validate the FE anal-
ysis. Pull-out tests are highly sensitive to screw design variations [97]. The maximum
achievable pull-out force is an indicator of pedicle screw fixation strength [102, 107].
However, pure pull-out forces are unlikely to be seen in vivo [97, 107]. Typically,
they are superposed with other forces and moments which act on the implant in vivo
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[97, 122]. In this study, BRM blocks from Sawbones were used for the pull-out tests.
These rigid PUR foams are commonly used for biomechanical tests for orthopaedic
devices and instruments, and are standardised in ASTM F 1839 [126].
The pull-out tests were conducted on a Hydropuls Längszylinder PL 10 kN from Instron
Structural Testing Systems GmbH. The testing speed was 1 mm/min. A specific testing
device was designed and manufactured for the pull-out tests. Several clamps and
supports were used to sufficiently fix the BRM to the testing machine. The upper
clamps, which prevented the BRM block from moving in the loading direction, were
fixed with four hexagon socket screws. For the pull-out tests, four different BRM grades
were used to simulate different bone properties. Lower BRM grades represent poor
bone properties, e. g. of osteoporotic bone. The properties of the used BRM grades
are summarised in table 4.14.
Table 4.14.: Properties of solid rigid PUR foams [209]
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15 0.24 4.9 123 3.7 173 2.8 33
25 0.40 12.9 317 8.8 399 5.9 68
30 0.48 18.0 445 12.0 592 7.6 87
40 0.64 31.0 759 19.0 1000 11.0 130
As mentioned in chapter 2.2.1, the BMD of the pedicle is typically in the range of
(0.303±0.076) g/cm3 with a maximum of 0.42 g/cm3 which is lower than the nominal
density of BRM grade 30. This means that grade 40 is a BRM with an artificially high
density.
The BRMs were cut in blocks with dimensions of 65 mm × 65 mm × 40 mm
(l × w × d). A pre-hole was drilled into the centre of the BRM blocks. A separate
study was conducted in which different pre-hole diameters were examined for com-
posite pedicle screw insertion. In the case of high BRM densities, high friction forces
will develop when the screw is inserted. Starting with a small drill, the drill size was
increased until an appropriate pre-hole diameter was found to insert the screw with-
out damaging it. As a result of this study, pre-holes with a diameter of 6.0 mm were
used for BRM grade 25 and grade 30. In addition to that, a pre-hole with a diameter
of 4.9 mm was used for the porous BRM grade 15 to ensure proper fixation. For grade
40, high friction forces required a pre-hole with a diameter of 6.2 mm. As mentioned
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before, the BMD of the pedicle is typically lower than the density of BRM grade 30
and 40. Thus, the friction forces were artificially high during insertion of the composite
screw in the case of BRM grade 40. In reality, pre-hole size can be smaller dependent
on the patient’s bone characteristics. Besides, pre-hole size is also dependent on the
evaluation and experience of the surgeon.
The entire thread of the hybrid composite pedicle screws was inserted with a 5 mm
wrench for the pull-out test. It was ensured that the screw tip did not cross the backside
of the BRM block. The test set-up for the quasi-static pull-out test is shown in figure
4.37.
a
b
c
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c
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60 mm
: load direction
b: BRM
c: BRM clamps
a: screw clamp
: screw axis load cell
pull-out jig
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a a
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Figure 4.37.: Test set-up for quasi-static pull-out test
The pull-out test results of the hybrid composite pedicle screws for the BRM grades 15
(upper left), 25 (upper right), 30 (lower left) and 40 (lower right) can be seen in figure
4.38. For each BRM grade, five tests were conducted. To neglect the effect of running-
in and the initial alignment of the testing jig, the force values are illustrated from 300 N
onwards for all specimens.
As can be seen in figure 4.38, the pull-out behaviour of composite pedicle screws is
quite different dependent on the BRM grade. The pull-out resistance significantly de-
pends on the density of the BRM and the specific pre-hole diameter used for the test.
The very porous grade 15 shows a mean maximum force value of (1.43±0.08) kN at
approximately 0.7 mm displacement. The force-displacement curves continuously de-
clined to low force values after reaching their maximum. This means that for grade
15, screw stability was lost after reaching the maximum force peak at which failure of
the BRM occurred. Concerning grade 25, the pull-out behaviour of the hybrid com-
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Figure 4.38.: Force-displacement diagrams for the quasi-static pull-out test of hybrid
composite pedicle screws for BRM grade 15 (upper left), 25 (upper right),
30 (lower left), and 40 (lower right)
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posite screws was different. In four out of five cases, the force continuously rose to a
first plateau before it reached another plateau region and finally decreased. The BRM
grade 25 maintained its strength for a longer time compared to grade 15 due to its
increased structural mechanical properties (cf. table 4.14), but finally BRM failure was
observed. The mean maximum pull-out force of the hybrid composite pedicle screws
for BRM grade 25 was (1.91±0.15) kN. The force values of grade 30 continuously
rose up to their maximum. A sudden force drop was the result of pedicle screw failure.
The pull-out strength of BRM grade 30 exceeded the hybrid composite pedicle screw
strength in the area of the screw neck. The mean maximum force of BRM grade 30
was (2.47±0.11) kN. Concerning BRM grade 40, the thread was in direct contact with
the BRM in the beginning of the pull-out test. With increasing displacements, the pull-
out force increased until the breakaway force was reached. At this force, the screw
was pulled through the pre-hole with a relatively constant force due to friction. A rea-
son for this behaviour lies in the bigger required pre-hole diameter of BRM grade 40
compared to the pre-hole diameters of the other BRM grades. The force level, which
was highly dependent on the pre-hole quality and screw insertion, was constant over
a broad pull-out displacement range until the displacements equalled approximately
one thread pitch. Afterwards, the screw threads were pulled over the next initial screw
thread location of the BRM. The region of the BRM which was initially in contact with
the screw thread was subjected to friction forces during screw insertion and time de-
pendent plastic deformation. As a consequence, a sudden force drop will be observed
if the screw is pulled over the next thread indentation. After the screw thread is com-
pletely pulled over the indentation, the unaffected BRM region is in contact with the
screw thread again, and a second increase in pull-out force values occurs. However,
the initial force plateau was not reached anymore. For the BRM grade 40, the mean
maximum pull-out force was approximately (1.47±0.24) kN.
An FE model (3D90) was built up with the final hybrid composite pedicle screw design
to compare the experimental to the numerical results (cf. chapter 4.3). For this com-
parison, a displacement pull-out load of 0.3 mm was applied to the screw neck. The
bone was modelled linear elastic with the properties of BRM grade 40 (cf. table 4.14),
but any other BRM grade could have been chosen for this comparison as well. The
shear modulus was used as the bone stiffness for the numerical simulation because
screw pull-out mainly results in shear stresses in the BRM. The resulting linear force-
displacement curve corrected by the running-in force of 300 N is shown in figure 4.38
on the lower right. It can be seen that the numerical results fit well to the experimental
data in the elastic region.
Summing up the pull-out test results, the pull-out characteristics of composite pedicle
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screws are highly dependent on the density of the BRM and the pre-hole diameter. The
pedicle screw resistance against pull-out increased with increasing BRM density up to
grade 30. Failure of the BRM was observed in the case of the porous BRM grades
15 and 25. As mentioned in chapter 2.2.1, expandable pedicle screws or cement
augmentation can be used to improve screw stability in osteoporotic bone. Additionally,
a smaller pre-hole diameter can contribute to a higher compaction of osteoporotic bone.
Pull-out resistance was very high for BRM grade 30 so that screw neck failure was
observed. The very dense BRM grade 40 required a big pre-hole diameter which
led to screw pull-out without significant damage of the BRM. The screw was pulled
through the pre-hole after reaching its breakaway force. These findings are supported
by examining the pre-holes of the BRM blocks with different grades after the pull-out
tests. Figure 4.39 shows that screw thread indentations of BRM grades 15 and 25
are barely visible due to the failure of BRM. In contrast, the thread indentations of
BRM grade 30 can be clearly seen which means that there was no significant failure
of BRM, and that screw stability was high. Due to the required big pre-hole diameter
of the dense BRM grade 40, only small thread indentations are visible which supports
that screw stability was poor in this case.
20 mm
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Figure 4.39.: BRM blocks grade 15 (upper left), grade 25 (upper right), grade 30 (lower
left), and grade 40 (lower right) after pull-out test
4.6.2 Quasi-static bending test
The quasi-static bending test was conducted to evaluate the resistance of the hybrid
composite pedicle screw against bending loads and to compare entirely discontinuous
sCF-PEEK pedicle screws with hybrid composite pedicle screws. For this test, the
screws were inserted in UHMWPE cylinders with lengths of 45 mm and outer diameters
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of 30.8 mm. As already described in chapter 4.6.1, a separate study was performed to
define the smallest pre-hole diameter possible for the UHMWPE material. As a result,
a pre-hole diameter of 5.4 mm was defined to enable composite pedicle screw insertion
without the risk of screw damage. In accordance with the standard ASTM F 2193 [176],
the screw was inserted with a 5 mm wrench from the tip to thread number five which
corresponds to an insertion length of approximately 12 mm.
Five sCF-PEEK pedicle screws, five hybrid composite pedicle screws, five gamma ra-
diation sterilised sCF-PEEK pedicle screws, and five conditioned sCF-PEEK pedicle
screws (maximum level of liquid absorption, cf. chapter 4.2.2) were tested in bending
to evaluate the improvement of bending properties due to the uCF-PEEK core and to
determine potential differences in the mechanical behaviour due to sterilisation or con-
ditioning. Concerning the conditioned screws, tests were conducted within one hour
after taking the screws out of the basin with saline solution to prevent them from sig-
nificant drying. For all tests, the load was introduced by a stainless steel cylinder with
a diameter of 14 mm whose longitudinal axis was aligned perpendicular to the longi-
tudinal axis of the pedicle screw. The distance between load introduction and screw
tip was 5 mm so that the load introduction point was located at the half of the thread
insertion length. The screw head was fixed to the testing jig with four hexagon socket
screws. The length measured from the clamp of the screw head to the load introduction
point was 31.4 mm. The quasi-static bending tests were conducted with a Hydropuls
Längszylinder PL 10 kN from Instron Structural Testing Systems GmbH, and the test-
ing speed was 3 mm/min. The test set-up for the quasi-static bending test is shown in
figure 4.40.
The test results of the hybrid composite pedicle screws (upper left), the sCF-PEEK
pedicle screws (upper right), the sterilised sCF-PEEK pedicle screws (lower left), and
the conditioned sCF-PEEK pedicle screws (lower right) can be seen in figure 4.41.
Five tests were performed for each screw configuration. With a length l of 31.4 mm
measured from the clamp of the pedicle screw head to the load introduction point, the
bending moment M was calculated by
M = F l (4.24)
in which F symbolises the force values.
The hybrid composite pedicle screws show a higher resistance against bending than
the entirely discontinuous sCF-PEEK pedicle screws. The mean maximum bending
moment of the hybrid composite screws of (6.67±0.36) Nm was approximately 48 %
higher than the one of the sCF-PEEK screws which was (4.50±0.16) Nm. This means
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Figure 4.40.: Test set-up for quasi-static bending test
that the uCF-PEEK rod insert significantly contributes to a higher bending stiffness and
bending strength of composite pedicle screws. The sterilised and conditioned sCF-
PEEK pedicle screws show no significant difference in bending properties compared
to standard sCF-PEEK pedicle screws. The mean maximum bending moments of
the sterilised and conditioned sCF-PEEK pedicle screws were (4.16±0.34) Nm and
(4.55±0.16) Nm. In addition to that, all tested composite pedicle screws showed no
significant differences concerning their mean displacement at failure.
The quasi-static bending test results show that sterilisation by gamma radiation and
liquid absorption do not significantly influence the bending properties of sCF-PEEK
screws. The same behaviour can be assumed for hybrid composite pedicle screws. In
addition to that, the bending properties were successfully improved by reinforcing the
discontinuous CF reinforced pedicle screws with the uCF-PEEK rod inserts. For the
hybrid composite screws, some bending strength was still present after first failure so
that structural integrity could be maintained. These screws showed a gradual failure,
and maintained their structural integrity for higher displacements which is important in
the event of pedicle screw failure within the human body. This was not the case for
sCF-PEEK pedicle screws. For sCF-PEEK screws, sudden and catastrophic failure led
to a separation between screw head and shaft. Consequently, screw removal would
also be complicated, because locating the composite screw parts within the human
body is difficult.
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Figure 4.41.: Bending moment-displacement diagrams for the quasi-static bending
test of hybrid composite pedicle screws (upper left), sCF-PEEK pedicle
screws (upper right), sterilised sCF-PEEK pedicle screws (lower left), and
conditioned sCF-PEEK pedicle screws (lower right)
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4.6.3 Cyclic bending test
As mentioned in chapter 2.2.1, one to three million load cycles a year are acting on the
human spine dependent on the individual level of activity [23, 42]. The aim of the cyclic
bending test was to compare the fatigue behaviour between hybrid composite pedicle
screws and sCF-PEEK pedicle screws.
The cyclic tests were conducted on a Hydropuls Längszylinder PL 10 kN from Instron
Structural Testing Systems GmbH with a testing frequency of 5 Hz, an R-ratio of 0.1,
and a maximum number of test cycles of 2.5 million which is in accordance with the
standard ASTM F 2193 [176]. As for the quasi-static bending test, the screws were
inserted in UHMWPE cylinders over a length of 12 mm. A diameter of 5.4 mm was
used for the pre-holes of the UHMWPE cylinders. The test set-up of the quasi-static
bending test shown in figure 4.40 was also used for the cyclic bending test. Rotation of
the testing jig during the testing time was prevented.
The maximum loads for the hybrid composite pedicle screws were 50 N, 100 N and
150 N which corresponds to the load levels of approximately 23.5 %, 47.1 % and 70.6 %
of their mean maximum force of the quasi-static bending test. The same load levels
were used for testing the sCF-PEEK pedicle screws which resulted in maximum loads
of 33.7 N, 67.4 N and 101.2 N. Additionally, cyclic bending tests with the maximum
loads of the hybrid composite screws mentioned before were conducted for the sCF-
PEEK pedicle screws.
Under the consideration of the load level of 70.6 % of the mean maximum force of
the quasi-static bending test, screw failure below 31000 cycles was observed for the
hybrid composite pedicle screws and below 22000 cycles for the sCF-PEEK pedicle
screws. In addition to that, the maximum number of load cycles was reached for the
medium (47.1 %) and the lowest (23.5 %) load level for both types of screws. Consider-
ing the case that the maximum loads of the hybrid composite screws were applied for
the sCF-PEEK pedicle screws, 2.5 million cycles could only be reached for sCF-PEEK
screws tested with the lowest load level. Figure 4.42 illustrates the number of cycles,
which were reached for the hybrid composite pedicle screws and the sCF-PEEK pedi-
cle screws, dependent on the load level. In the figure, only one data point is illustrated
at 2.5 million cycles for each type of pedicle screw. These data points represent the
highest loads for which 2.5 million cycles were reached. For the sCF-PEEK screw,
the load levels of 100 N and 101.2 N and the corresponding numbers of cycles were
merged for illustration.
The cyclic bending test shows that fatigue properties of discontinuous fibre reinforced
TPC parts can be significantly improved by local unidirectional endless fibre reinforce-
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Figure 4.42.: Cyclic bending test results for hybrid composite and sCF-PEEK pedicle
screws
ments.
4.6.4 Insertion torque test
PUR blocks grade 15, 25, 30, and 40 from Sawbones with dimensions of 40 mm ×
40 mm × 40 mm (l × w × d) were used for the insertion torque tests in accordance with
ASTM F 543 [208]. In a separate study, a pre-hole diameter of 6.2 mm was determined
for grade 40, a diameter of 6.0 mm for grade 25 and 30, and a diameter of 4.9 mm for
grade 15 (cf. chapter 4.6.1). The testing machine was an ElectroForce® 3550 from TA
Instruments, Inc. (former Bose Corp.). Due to a limited maximum number of machine
turns, the insertion torque was studied for two rotation intervals:
1. From thread number three to thread number twelve in order to characterise the
development of the insertion torque (initial insertion).
2. From thread number six to thread number 15.5 in order to quantify the maximum
insertion torque (final insertion).
The composite pedicle screw has in total 16 threads as described in chapter 4.4.1.
For the insertion torque tests, the screw head was fixed in a testing jig so that the
rotational DOFs of the pedicle screw were restricted. Minor translations of the pedicle
screw were allowed to compensate differences in the alignment of screw and pre-hole
axis. The BRM block was restricted in its rotational DOFs around the pre-hole axis by
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two counter bearings. The screw was inserted with a constant rotation speed of 30°/s,
and no axial displacement of the machine was needed. The BRM block was lifted due
to screw rotation and contact of the BRM block with the counter bearings. The test
set-up of the insertion torque test is shown in figure 4.43. The same set-up was used
for the removal torque test (cf. chapter 4.6.5).
40 mm
b: BRM
c: BRM counter bearing
a: screw clamp
load cell
rotation jig
a
b
c
c
c
c
: load direction
: screw axis
Figure 4.43.: Test set-up for insertion and removal torque test
For the initial insertion, the composite pedicle screws were manually inserted into the
BRM blocks up to thread number three to ensure a stable position of the screw within
the BRM prior to testing. The insertion torque was analysed during the insertion from
thread number three to thread number twelve. In figure 4.44 on the left, the insertion
torque Min is plotted over the rotation rot. One representative curve is shown for each
BRM grade. The first local maximum insertion torque values are marked with asterisks
for each BRM grade.
After contact between BRM block and counter bearing and after reaching the first local
insertion torque maxima, a general trend can be observed: torque values rise with
increasing rotation. With linear approximations of the test curves, the slope would be
smallest for BRM grade 15 and highest for BRM grade 30. The mean torques of the
insertion from thread three to twelve were examined to compare different BRM grades
concerning their initial insertion behaviour. They are shown in figure 4.45 on the upper
left. The mean insertion torque is lowest for BRM grade 15 and highest for BRM grade
30. In between, a similar mean insertion torque is reached for BRM grade 25 and 40.
As mentioned before, a second test (final insertion) was conducted to quantify the max-
imum insertion torques. For this study, screws were manually inserted up to thread
number six prior to testing. The testing machine performed 9.5 turns to insert nearly
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Figure 4.44.: Torque-rotation diagrams for insertion (left) and removal torque test (right)
for thread number three to thread number twelve
the entire thread of the composite pedicle screws. A similar insertion torque-rotation
behaviour was observed compared to figure 4.44. However, the initial insertion torques
after contact between BRM and counter bearing were higher. The mean maximum
insertion torques are shown in figure 4.45 on the upper right. The highest mean maxi-
mum insertion torque was reached for BRM grade 40 with (0.87±0.15) Nm, followed by
BRM grade 30 with (0.85±0.06) Nm, BRM grade 25 with (0.59±0.01) Nm, and BRM
grade 15 with (0.34±0.06) Nm. Fulfilling the requirements, these insertion torques
were below the required maximum insertion torque of 3 Nm (cf. chapter 4.1).
As mentioned in chapter 4.6.1, the highest mean maximum pull-out force was achieved
for BRM grade 30, a medium force for BRM grade 25, and the lowest force for BRM
grade 15. This trend correlates well with the trend observed for the insertion torque
test for the BRM grades 15, 25, and 30. However, there was no correlation between
the pull-out and insertion torque behaviour of BRM grade 40. The highest insertion
torques were measured for BRM grade 40, and these torques were significantly higher
than the ones observed for BRM grade 15. In contrast, the maximum pull-out forces of
BRM grade 40 were not significantly higher than the ones obtained for BRM grade 15.
Therefore, a general relation between pull-out strength and maximum insertion torque
cannot be established for composite pedicle screws. This is in accordance with the
findings of other authors concerning metallic pedicle screws [110, 210, 211].
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Figure 4.45.: Mean torques (thread number three to twelve, left) and mean maximum
torques (thread number six to 15.5, right) for insertion (upper) and re-
moval torque test (lower)
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4.6.5 Removal torque test
The test set-up and rotation speed of the insertion torque test mentioned before were
also used for the removal torque test. The removal of the composite pedicle screw
was performed immediately after screw insertion, and in accordance with the standard
ASTM F 543 [208]. The removal torque-rotation diagram is shown in figure 4.44 on the
right. After reaching a high initial breakaway torque (marked with asterisks), a general
trend of rapidly decreasing removal torques Mout can be observed. The mean removal
torques during the screw removal from thread number twelve to thread number three
are shown in figure 4.45 on the lower left, and the mean maximum removal torques
during the screw removal from thread number 15.5 to thread number six are shown in
figure 4.45 on the lower right. The mean maximum removal or breakaway torques from
highest to lowest were (1.16±0.07) Nm for BRM grade 40, (1.09±0.10) Nm for BRM
grade 30, (0.73±0.04) Nm for BRM grade 25, and (0.38±0.05) Nm for BRM grade
15. In comparison with the insertion and removal torques of specific BRMs, it can
be observed that high removal torques correlate to high insertion torques. The mean
removal torques were lower than the mean insertion torques, whereas the mean max-
imum removal or breakaway torques were higher than the mean maximum insertion
torques.
4.6.6 Breaking torque test
Breaking torque tests were conducted for five entirely discontinuous sCF-PEEK pedicle
screws and five hybrid composite pedicle screws. These screws were clamped in a
testing jig from thread number five to the tip in accordance with the standard ASTM
F 543 [208]. A clamp was used to fix the head of the screws. The rotation speed of
the testing machine ElectroForce® 3550 from TA Instruments, Inc. (former Bose Corp.)
was 0.08°/s. Figure 4.46 shows the test set-up of the breaking torque test.
The test results are shown in figure 4.47. The mean maximum torque of the sCF-
PEEK pedicle screws was (2.80±0.10) Nm and of the hybrid composite pedicle screws
(2.48±0.06) Nm. The uCF-PEEK core contributes to a reduction of approximately
11 % of the breaking torque of the hybrid composite pedicle screws compared to the
breaking torque of the sCF-PEEK pedicle screws. However, for pedicle screws, tor-
sional loads are not as critical as pull-out or bending loads, as mentioned in chapter
2.2.1. A significant torsion resistance could be maintained after reaching the break-
ing torque of hybrid composite pedicle screws. In contrast, the torque values of the
sCF-PEEK pedicle screws sharply dropped after reaching their maximum. Whereas
sCF-PEEK screws totally failed after reaching their breaking torque, structural integrity
was maintained for hybrid composite pedicle screws. As mentioned before, this is of
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Figure 4.46.: Test set-up for breaking torque test
high importance for radiolucent composite implants (cf. chapter 4.6.2).
4.6.7 Imaging test
Imaging tests were conducted to compare the appearance of the CPSS and a metallic
pedicle screw system11 in CT scan and X-ray. Additionally, a system consisting of a
metallic tulip12 and the hybrid composite pedicle screw was examined in X-ray, named
Mix. For the imaging tests of the CPSS, the hybrid composite pedicle screw was ti-
tanium coated, the clamp rings were marked with a tantalum wire, and two stainless
steel markers were embedded in the tulip. The convolution kernels standard and bone
were used for the CT images. The imaging test results can be seen in figure 4.48.
Severe artefacts can be seen in the CT images with the metallic system independently
of the convolution kernel. Consequently, visibility of surrounding tissue is limited. In
contrast, the CPSS system shows no artefacts in CT images. With the convolution
kernel bone, the edges of the titanium coated hybrid composite pedicle screw and the
clamp rings can clearly be seen without disturbing the visibility of surrounding tissue.
The radiolucency of the CPSS is shown in the X-ray image on the right of figure 4.48.
These imaging tests show that the CPSS significantly improves visibility by the preven-
tion of artefacts in CT scan and X-ray images compared to metallic systems.
11Click’X System from DePuy Synthes
12CD Horizon® LegacyTM from Medtronic plc
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Figure 4.48.: CT scan (convolution kernels standard left and bone middle) and X-ray
imaging test results (right) with different pedicle screw systems; images
provided by Neos Surgery S. L.
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5 Conclusion
TPC parts are characterised by unique properties, such as high specific mechanical
properties or the possibility of remelting. Nowadays, they are used in various fields
of application but significant market penetration is still missing. The majority of TPC
parts can be divided into two classes: (1) discontinuous fibre reinforced mass prod-
ucts with a high freedom in design but moderate structural mechanical properties, and
(2) continuous endless fibre reinforced products with excellent structural mechanical
properties but severe design restrictions. Former research focused on the functionali-
sation of endless fibre composites by overmoulding. In this work, a different approach
was pursued. Discontinuous short fibre reinforced material was locally reinforced by
continuous unidirectional endless fibre reinforced material. In contrast to other studies,
the interface between these two components was focused under the consideration of
the structural mechanical properties of the hybrid structure, its manufacturability, and
the possibility of mass production.
This research was based on a pedicle screw system which is an implant used for spine
stabilisation and fusion. Pedicle screw breakage is one possible reason for implant
failure. High forces and moments will be acting on the pedicle screw system espe-
cially if the system is implanted into the lumbar spine region. Moreover, CF-PEEK
implants show distinct advantages in comparison with metallic implants. Considering
these aspects, the research on a hybrid composite pedicle screw was motivated. With
the concept of this hybrid composite screw, relevant structural mechanical properties
could be significantly increased, and the implant stiffness could be tailored so that the
applicability of composite bone screws can be extended. First biomechanical tests for
certification have been conducted but the process of certification has to be pursued
further on.
Biocompatible CF-PEEK is used for implants for few decades. In this work, a con-
tinuous unidirectional endless CF reinforced PEEK insert was overmoulded with dis-
continuous short CF reinforced PEEK material, and a high-strength interface could
be established. Based on this overmoulding process, the manufacturing of the hybrid
composite pedicle screws was realised. Prior to screw production, profound mate-
rial characterisations were conducted to gain knowledge about physical, thermal, and
structural mechanical properties of the materials used. A focus was laid on the inter-
face characterisation between the discontinuous and continuous CF reinforced PEEK
material. However, for interface strength characterisation of overmoulded structures,
no standardised test method existed. Therefore, a novel specimen for interface char-
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acterisation was developed. Compared to other adapted interface characterisation
specimens, this cylinder pull-out specimen showed distinct advantages, such as no
influence of specimen preparation on interface strength, a simple specimen geometry
and test set-up, low mould and material cost, easy manufacturability, and low rework.
It is not limited to the interface characterisation between sCF-PEEK and uCF-PEEK
material, but can be used for other composite or polymeric material combinations as
well. Additionally, the interface between metallic inserts, and polymer or composite
overmoulds can be studied. The utility patent DE202019102255.8 was successfully
applied for the cylinder pull-out specimen within this research. By material and inter-
face characterisations, a required pre-heating temperature of the endless CF-PEEK
insert of at least 260 °C prior to overmoulding was determined to enable the forma-
tion of an interface with sufficient strength after overmoulding. Several methodologies
were used to characterise this interface. Interface examinations by an LM, an X-ray
microscope, and a stereo microscope confirm that cohesive interface formation will oc-
cur if adequate insert preparation and handling are considered. In conjunction with
the adherence tests, it can be concluded that a cohesive interface has to be formed
for sufficient interface strength so that superior structural mechanical properties of the
hybrid structure can be achieved. If an adhesive interface between discontinuous and
continuous CF reinforced PEEK is formed, interface strength will be insufficient. In
this regard, micromechanical interlocking did not significantly contribute to interface
strength. Due to limited scope, the molecular level of the interface was not studied but
this can be complementary interesting for future works.
FE studies have shown that contact pressures due to thermal contraction contributed to
the interface strength of the hybrid specimens focused in this study. Contact pressures
on uCF-PEEK inserts will be higher if inserts are not pre-heated compared to inserts
which are pre-heated to elevated temperatures prior to overmoulding with sCF-PEEK
material. However, the interface strength of the cylinder pull-out specimens was 73 %
higher provided that inserts were sufficiently pre-heated so that cohesive interface for-
mation occurred.
For the research on the hybrid composite pedicle screw, a parametric FE model was
developed in Python. The FE solver Abaqus was used for calculation. Compared to
titanium pedicle screws, hybrid composite pedicle screws contributed to an increase in
bone stress close to the implant. As a consequence, stress shielding can be reduced,
and bone resorption can be prevented. By parametric optimisation, design recommen-
dations were established which had to be opposed to manufacturing requirements and
bone characteristics. Finally, a double shafted hybrid composite pedicle screw design
was realised. According to this design, the moulds were manufactured so that the
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hybrid composite pedicle screw production could be approached.
The know-how, which was gained during material and interface characterisations, could
be transferred to the overmoulding process of the hybrid composite pedicle screw. As
a consequence, process running-in could be held low, and sufficient interface strength
between the uCF-PEEK screw core and the sCF-PEEK overmould could be achieved.
Different biomechanical tests were conducted to characterise the composite pedicle
screw. Quasi-static pull-out tests have shown that the required pull-out force could be
achieved with all BRM grades ranging from osteoporotic to high dense bone. However,
the insertion of the composite screw in the high-dense BRM grades was difficult due
to high friction forces between BRM and screw so that the pre-hole diameter had to be
increased. This example shows that common testing standards for metallic implants
cannot be directly applied for composite implants, and that new regulations have to be
established. In the quasi-static bending test, hybrid composite pedicle screws showed
an increase of approximately 48 % in their maximum bending moment compared to dis-
continuous short CF reinforced pedicle screws. Additionally, the requirement concern-
ing the insertion torque was fulfilled because it was less than the required maximum
torque of 3 Nm. No general relation between maximum insertion torque and pull-out
strength could be found for composite pedicle screws. The breaking torque of the dis-
continuous short CF reinforced pedicle screws was approximately 11 % higher than the
one of the hybrid composite screws. However, in this test, and also in the quasi-static
and cyclic bending test, structural integrity could only be maintained for hybrid com-
posite pedicle screws. Structural integrity is important for composite implants because
radiolucent parts of a broken composite implant are difficult to locate within the human
body. Another advantage of hybrid composite pedicle screws refers to their fatigue
resistance which was superior compared to their discontinuous short CF reinforced
counterparts. With the CPSS, artefacts in CT scan and X-ray could be prevented so
that patients and doctors benefit from this system especially during system installation,
patient follow-up, and radiotherapy.
The local reinforcement of discontinuous short fibre reinforced thermoplastics with con-
tinuous unidirectional endless fibre reinforced thermoplastics creates new fields of cost
efficient structural applications. Overmoulded hybrid parts will be characterised by
freedom in design, superior structural mechanical properties, and excellent fatigue re-
sistance if sufficient interface strength is achieved. In this study, the formation of a
cohesive interface between short and endless fibre reinforced PEEK was required for
sufficient interface strength. The methodology developed in this work can be utilised
for different applications not only in the medical but also in other industrial sectors.
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A.1 Additional results of dynamic mechanical thermal analysis
The results of the DMTA of the specimens with their main extension perpendicular to
the fibre (uCF-90) and injection direction (sCF-90) are shown in figure A.1 on the left
and right. In the figure, the bending storage modulus E ′ and the bending loss factor
tan δ are plotted against the temperature T .
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Figure A.1.: DMTA diagrams of uCF-PEEK plate specimens perpendicular to fibre di-
rection (left) and sCF-PEEK specimens perpendicular to injection direction
(right)
The comparison of the DMTA results of the sCF-90 specimens (cf. figure A.1 on the
right) with the results of the sCF-0 specimens (cf. figure 4.6 on the right) confirms that
the structural mechanical properties of the sCF-PEEK specimens are dependent on
the process induced fibre orientation and distribution.
A.2 Additional results of parametric optimisation
The relative pull-out displacements urel dependent on the proximal and distal half an-
gles κprox and κdist are shown in figure A.2. In this optimisation study, the proximal and
distal root radii were fixed with 0.2 mm and 0.1 mm to obtain one specific surface plot.
But any other value of simulated root radii could have been chosen. The results show
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that a higher hybrid composite pedicle screw stability can be achieved by decreasing
the proximal half angle and by increasing the distal half angle.
Figure A.2.: Surface plot of the relative axial screw displacements urel dependent on
the half angles κprox and κdist with a fixed proximal root radius rprox of
0.2 mm and a fixed distal root radius rdist of 0.1 mm
Figure A.3 shows two surface plots for the lengths lupflank and llowflank of the upper and
lower thread flanks. Here, the relative pull-out displacements urel were plotted for the
screw shaft diameters Di of 5 mm and 3.56 mm. But any other diameter could have
been chosen. The figure shows that the influence of the screw shaft diameter on the
relative displacements is higher than the influence of the lengths of the thread flanks.
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Figure A.3.: Surface plot of the relative axial screw displacements urel dependent on
the thread flank lengths lupflank and llowflank and the screw shaft diameter Di
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